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1SUMMARY AND CONCLUSIONS
The results of this work are a contribution to the understanding of the ecology of coral reef cavities and
to coral reef research in general. The development of the CaveCam (Chapter 1) provided the key for a
new line of coral reef research as it made available state-of-the-art endoscopic video-techniques for
underwater work. Using the small handheld system and conventional SCUBA gear I was able to
document the uncharted labyrinth of framework cavities interlacing coral reefs in a non-destructive
way. This ‘soft’ approach obliterated earlier crude methods such as plying apart or blasting the
framework, without compromising on the quality of the data. The accuracy of the image analysis is
ensured by ground-truthing the video records with a reference collection of selected taxa. More
important, however, has the CaveCam extended the range of exploration of cryptic habitats from the
easily accessible and rather ‘open’ overhangs, undersides of foliaceous corals, rubble, large caves, etc., to
the up to now inaccessible inner reaches of the reef framework. By yielding 1:1 close-up images of
specimens up to 4 m away from the observer it is very powerful for this application. Finally, the motion
pictures provide important information not only on community structure but also on the dynamics of the
system, e.g. of ambient current flow, currents induced by active filter feeders and behaviour of vagrant
organisms. I used some of these sequences along with additional material for producing a small
documentary on the subject for a public TV-channel as this is a good way to convey our insights and
fascination to the non-scientific public and to promote scientific work.
The LightSheet (Chapter 2) proved an useful tool for determining the complex morphology of the
highly irregular framework cavities. The volume and wall area of more or less straight tunnel cavities
can be accurately determined within a <5% error margin. Accuracy decreases with increasing
complexity of the cavities, where protruding ledges may obstruct part of the picture or side-arms
branching off at sharp angles may be overlooked. This leads to an underestimation of the available
space, and hence, to conservative estimates. The 3-D reconstructions of the cavities can be used for
modelling water flow through cavities under different hydrodynamic forcing, turbulent exchange
processes between water and cavity walls, etc.
The analysis of the large collection of video images revealed a rich variety of mainly encrusting
organisms (Chapter 3). Coralline algae predominated on the walls near the cavity entrances, while the
gloomy and dark inner sections of the cavities were colonized by a diverse cryptofauna: filter feeders
abounded, notably sponges, which covered up to more than 50% of the substrate, e.g. in the well flushed
inner parts of Moses Rock, Eilat, Israel. Passive suspension feeders, such as sessile foraminifers and
corals, were more patchily distributed and confined to well-flushed areas, e.g. near the cavity
entrances. Light is a crucial factor determining the balance between photoautotroph and heterotroph
organisms near the cavity entrance, while food supply and competition for space shape the composition
of the heterotroph community further away.
The metabolic activity of the coelobite community is reflected in small-scale gradients in chlorophyll a
and oxygen concentrations between cavities and freestream waters over the reef (Chapter 4), where
stronger gradients appear to be associated with reduced flow and higher coelobite cover. Direct and
indirect measurements of water replacement rates within the cavities allowed first quantitative
estimates of the bulk filtering effect of the coelobite community. The conservative estimates showed
that the coelobite community trapped extrinsic organic material at rates one order of magnitude higher
than epi-reefal communities. Thus this newly discovered trophic pathway channels pelagic production
into the coral reef. However, due to the lack of quantitative community data, spatio-temporal
resolution of chlorophyll a  and oxygen, at that time we still had to treat the cavities as ‘black boxes’.
It is only after the quantitative high-resolution analysis of filter-feeder cover, water exchange as well
as chlorophyll a and oxygen concentrations that we can provide circumstantial evidence, that coelobite
filter feeders are indeed causing the oberserved phytoplankton depletions (Richter, Wunsch & Badran
Chapter 5). Time-series data show strong variations in the magnitude of chlorophyll a depletions in a
given set of cavities, depending mostly on the ambient flow conditions. Concomitant nutrient analyses
indicated that remineralization of the largely extrinsic organic matter taken up by the coelobite filter
feeders may fuel close to 20% of the gross metabolism of the entire reef. If validated by independent
studies in other areas, this would indeed alter the way we perceive coral reefs.
Examples of the latter are provided in Chapter 6, a checklist of coelobite organisms in the Red Sea,
which is a tribute to the many friends out in the field who helped me in this work and were interested
in field identification.
2GENERAL INTRODUCTION
Coral reefs are the most diverse ecosystems in the sea and the largest biological structures on earth.
The profusion and dazzling beauty of life on the surface of a coral reef holds one’s attention so
completely, that it takes considerable experience to realize that its bulk volume is largely  empty
(Ginsburg 1983): crevices, caves, cracks and holes of all shapes and sizes interlace the coral reef
framework, giving rise to a complex three-dimensional labyrinth. Growth and the various kinds of
erosion of the reef framework are the sculpturing forces shaping the carbonate rock, enlarging the
available surface for settlement by a factor 2 or more (Jackson et al. 1971, Logan et al. 1984). The dark
and sheltered nature of framework cavities provides a particular setting to which the reef flora and
fauna have to adapt. Growth of algae and animals is constrained by low light and food
availability. The sheltered nature of the cavities, on the other hand, is likely to provide protection
from predation and physical damage. These factors gain in importance in cavities which are narrow
and extend deep into the reef framework, fostering the development of a specialized cavity-
dwelling or ‘coelobite’ community (Ginsburg & Schroeder 1973).
There has been a considerable interest in marine underwater caves dating back to the 1950’s and
1960’s when Laborel (1958) and Riedl (1966) investigated large Mediterranean caves and already
identified important factors for the composition of the sessile cave communities, namely light and
water exchange. The first studies of coral reef caves and tunnels investigated by divers in
Madagascar (Vasseur 1974), Grand Cayman (Logan 1981), Belize (Macintyre et al. 1982) and
Bermuda (Logan et al. 1984) followed in the 1970’s and 1980’s. All of these studies were carried out in
caves measuring several meters to tens of meters in length and several meters in diameter, which,
although not uncommon, are by no means typical for temperate or tropical rock bottoms.
Smaller-scale studies were carried out on cryptic communities living on the undersides of foliaceous
corals (Buss & Jackson 1979, Jackson & Winston 1982) and in coral rubble (Choi & Ginsburg 1983,
Meesters et al. 1991, Gischler & Ginsburg 1996), which are easily accessible to divers.
The small cavities in the meter to decimeter range, by contrast, have been scientifically neglected,
due to the lack of appropriate techniques for their study. Their ubiquitous occurrence, however, puts
them in favour of being an integral, perhaps even essential element of the reef ecosystem (Ginsburg
1983, Kobluk 1988) and may hold the key to one of the enigmas which has puzzled reef scientists for
decades: the depletion of phytoplankton over coral reefs (Richter 1998).
Phytoplankton depletions were first observed by Glynn (1973) over a reef in the Caribbean and
subsequently over reefs in other parts of the world (Legendre et al. 1988, Ayukai 1995, Fabricius &
Dommisse in press) including the Red Sea (Fabricius et al. 1998, Yahel et al. 1998). Depletions
occurred in spite of the small size of the phytoplankton and the apparently low cover (Yahel et a l .
1998) or total absence of epibenthic suspension feeders (Lazar, pers. com.), raising speculation on
possible non-biological causes (Ayukai 1995).
A ship accident set the stage for this investigation: a sailing boat with a damaged rudder had run
into the fringing reef just south of the Interuniversity Institute (IUI) in Eilat, Israel, breaking up part
of the reef crest. Claudio Richter (Center for Tropical Marine Ecology in Bremen, Germany) and
Katharina Fabricius (Australian Institute of Marine Science in Townsville, Australia), who were
guiding a student excursion to the Red Sea at that time, inspected the site and found the exposed
framework riddled with cavities. Most striking was their discovery that the cavity walls were
virtually carpeted with suspension feeders. Obviously, only centimeters under the rather
inconspicuous outer surface of the reef the framework harboured an entirely different community.
Was this coelobite community responsible for the unexplained depletions?
This question became one of the central issues of Project B of the Red Sea Program for Marine Science,
an Egyptian-German-Israeli-Palestinian project on pelagic-benthic coupling in coral reefs, funded by
the German Ministry for Education, Science, Research and Technology (BMBF) and later part of the
additional project between the ZMT and the Marine Science Station in Aqaba, Jordan.
However, first attempts to tackle the question were frustrated by the absence of reproducible
depletions. More important, however, was the lack of appropriate methodology at that time to
explore and quantify the coelobite community enclosed within the coral rock: the challenge was how
to obtain this crucial information without deliberately destroying the reef? The problem called for a
3new tool facilitating the non-destructive exploration of this secluded habitat. The efforts resulted in
the development of the CaveCam, an underwater endoscopic videosystem, which is the subject of the
first paper (Wunsch & Richter 1998). This methodological break-through laid the foundation for
the subsequent work of this cumulative dissertation. The CaveCam has proven very successful and
reliable and is becoming a standard instrument for coelobite investigations, enjoying widespread
attention, it is in use e.g. in the Caribbean (Bak, Scheffers, pers. com.). Interchangeable lenses, close-
up and scaling accessories make it a versatile instrument for quantitatively mapping coelobite
communities, but also for measuring currents in spatially confined habitats.
The next challenge was to get a handle on the complex 3-dimensional morphology of the cavities to
obtain first order estimates of cavity volume, wall area, roughness, etc. Based on CaveCam
technology, I developed an optical method for assessing these critical parameters. The resulting
LightSheet forms the basis of the second paper (Wunsch, submitted). This system allows to document
cave morphology in great detail. The desired parameters are calculated from the contours of a
successive series of light rings projected onto the cavity walls. The cave is then reconstructed in 3-D
from the resulting sections by means of digital image analysis.
With the CaveCam and LightSheet at hand the central questions could be tackled: are all cavities
densely populated by coelobites? How diverse are these hidden communities and which are the
dominant taxa? Which environmental factors govern their distribution? And finally: how
significant is their share in the overall coral reef community? In order to find answers, I
systematically investigated coral reef cavities in Egypt, Jordan and Israel and measured
environmental factors like water exchange and light intensity and collected reference samples for
taxonomic identification. After this wet part a long time of analyzing thousands of video-images
with self-written software macros followed. Results were statistically tested and finally answers
for most of the initial questions were found. These are presented in Chapter 3.
The fourth paper analyses the role of coral reef cavities on the phytoplankton flowing across the
reef (Richter & Wunsch 1999). Surveys were carried out on the reefs in Sinai and Eilat. They
provided the first account on the subject and revealed significant depletions by coral reef cavities
treated as “black boxes” (Chapter 4).
The fifth paper is a synthesis of the results, linking community data to the observed depletions of
phytoplankton and regeneration of nutrients in coral reef cavities. This paper derives partly from
investigations carried out within the Aqaba project and the Red Sea Program, covering a variety of
different locations (Chapter 5).
In situ macro photography and consecutive sampling of the objects proved to be the best combination
for ground-truthing of the video data and to build up a reference collection. This is the only practical
way to address the organisms in the field and to convey the laboriously acquired knowledge to a
wider ‘non-taxonomist’ public – be it scientific or private. This work resulted in a checklist of cryptic
organisms which is featured in Chapter 6.
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The LightSheet–a new tool for surveying the morphology
of underwater cavities
Mark Wunsch
Zentrum für Marine Tropenökologie, Fahrenheitstr. 1, D-28359 Bremen, Germany
ABSTRACT: The assessment of the morphology of complex underwater cavities has been a daunting
task. Here I present a new tool for quantifying the inner surface and volume of irregular voids, the
LightSheet, and provide examples for 3D-reconstruction of coral reef framework cavities. The system
can be operated by a single diver and consists of three main components: (1) an endoscopic miniature
camera head with recording and viewing unit, (2) a modified light source, that emits light in a 2-
dimensional plane perpendicular to the optical axis of the camera and (3) a straight track on which
camera and lamp are advanced into the cavity. This way the contours of the wall are highlighted and
recorded by the camera. Stepwise progression along the cave axis produces a series of these contours tha t
can be analyzed by conventional image analysis. Results allow to calculate cavity volume, wall surface
area and to describe cave morphology as well as to rebuild cavities as 3D-models for further analysis.
KEY WORDS: Caves – Cavities – Image analysis – Underwater video – 3D-modelling – Volume
assessment – Community analysis – Coral Reef
INTRODUCTION
Caves and cavities are ubiquitous features of coral reefs. Their volume and dimensions, total area,
shape and orientation of their walls influence the composition and abundance of cavity-dwelling
communities. These factors are fundamental for the interpretation of biological cave data (Vasseur
1974, Logan 1981) as well as for the calculation of trophodynamic models (Richter & Wunsch 1999).
Voids in the reef framework range in size from millimeter wide cracks over arm thick cavities to caves a
diver can enter easily. All together this space has been guessed to account for more than half of the
total volume of coral reef structure (Garrett et al. 1971, Ginsburg 1983).  Thus the cumulative inner
surface, that cavities provide for benthic settlers, is likely to reach or even exceed that of the outer
coral reef.
The thorough assessment of cave morphology and volume is difficult and has been a major challenge to
reef ecologists. A wide range of techniques has been employed to assess voids and cryptic surfaces. These
reach from subjective ball-eye estimates and destructive dynamiting (Garrett 1969) to time consuming
cartographic mapping (Logan 1981, Zabala et al. 1984) and high-tech computed tomography for small
scale borings of bioeroders (Emmermann 1994, Hassan et al. 1997).  
However none of these techniques are appropriate to survey the size and the morphology of very
common small to medium size coral reef cavities (0.1-1 m in diameter and 0.1-4 m in length). The
development of the video-endoscopic CaveCam (Wunsch & Richter 1998) allowed for the first time to
access even the smaller of coral reef cavities (>0.03 m in diameter) and to map and observe their
communities in greater detail.  This system consists of a miniature camera head with interchangeable
lenses that is connected via a 3.8 m cable to a recording and viewing unit. It can be operated by a single
diver.
The LightSheet system presented here uses CaveCam technology for 3D-reconstruction and graphic
presentation of cave morphology. It combines a modified light source with the portability of the
CaveCam. The result is a small and efficient data acquisition system for underwater geomorphological
features that can also be used on land (Fig.1 & 2).
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MAIN PRINCIPLE AND SYSTEM DESCRIPTION
 (Fig. 1). A special shade, consisting of two parallel metal disks (1), restricts the emission of the light
source (1) to a 2-dimensional plane (2) that outlines the contours of surrounding cavity walls. The video
camera head of the CaveCam (5) is mounted perpendicularly to the light sheet onto the same
aluminium profile. The control unit (6) allows to view and record the outlines as the whole set-up is
being moved in defined increments along a fixed and (usually) straight track (3) that has to be installed
prior to the survey. The lamp is powered by a battery tank (4). It is important that the ambient light
level is significantly below the light intensity of the LightSheet. The light source (1) is manufactured
from the bottom end of a heat-resistant test-tube, 20 mm in diameter and 60 mm long. A 50 W halogen
bulb is fixed with its socket inside with 2-component glue and the lamp finally sealed with silicone
sealant. The lamp is connected to a commercially available, switchable 5 Ah NiCd tank providing
energy for approximately 50 minutes of continuous light. The important feature of the lamp is its special
shade: it consists of two 93 mm diameter halves of a black aluminium film reel (from standard 60 mm
photographic film, 45 m length). The center of this shade was drilled to accommodate the lamp tube.
The side plates of the reel are placed outside to outside, spaced and fixed with three small screws at an
adjustable distance of ~2 mm. Finally a ~2.5 mm wide and 25 mm deep slit is cut radially into the shade
to lead the LightSheet on the track. The lamp is inserted into the shade and fixed with a tube clamp in
such a way that only the filament of the halogen bulb is visible through the 2 mm wide slit of the
shade. This ensures that almost parallel light is emitted from the set-up, keeping the divergence of the
light beam at a tolerable level (25 mm at 50 cm distance from the lamp) and diffraction negligible. The
whole unit is fastened to the end of an aluminium profile (1 x 1 cm, 2 m long).  An additional support is
riveted to the profile for stability.
Fig. 1. LightSheet components: the light source with a specially designed shade (1) emitting a 2-
dimensional light plane (2). Camera head (5) and shade (1) are mounted  onto an aluminium profile
that is advanced on the straight track (3). (6) is the viewing and recording unit. (4) is the battery tank
for the lamp
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The CaveCam (5), (6) is a self-contained, diver-operated endoscopic underwater  video system (see
Wunsch & Richter 1998 for details). It consists of a high-resolution finger camera connected by a 3.8 m
cable to a recording and viewing unit and is equipped with a 3 mm superwide-angle lens. This
combination delivers a 106° field of view equivalent to a 16 mm SLR-photo lens. The housing of the
camera head measures 35 x 35 mm. The recording format is Hi-8 or Digital Video (DV). The camera is
fixed at a defined but adjustable distance on the same aluminium profile as the lamp unit. This distance
has to be chosen carefully. The greater the distance between camera and lamp, the larger the object
outline that can be captured by the camera. On the other hand the camera should be positioned as close
to the lamp as possible to avoid obstructing the camera’s view and to take advantage of the maximum
resolution of the camera.
The described set-up must be moved along a fixed axis (3) to allow precise reconstruction of the object. An
L-shaped aluminium profile provides stability as a track (3 m long, 30 mm high, 2 mm thin). In addition
a bendable 0.5 m long aluminium piece is riveted to its far end to support and elevate the track above
the bottom. Two strings on the other end of the track can be tied to the reef framework. The track and
aluminium profile are marked every 5 cm to control the movement.
PROCEDURE
The LightSheet set-up is put on the far end of the track, the recorder is switched on and the unit moved
successively backwards by the chosen increments. Each set-up must be calibrated to scale the images and
to determine the optical properties of the lens. Superwide-angle lenses produce images with a certain
degree of barrel distortion influencing the dimensions of objects. These need to be corrected which is done
most easily with a rectangular frame or box of known dimensions that covers about two thirds of the
picture. Positioned in the center of the image it must be completely outlined by the light and then
recorded. This procedure is repeated for any chosen distance between lamp and lens.
Fig. 2. Survey of a coral reef cavity with the LightSheet system at dusk. Components are numbered
according to Fig. 1. Note the nice outline of the contours of the cavity entrance (2)
Image analysis. For the image analysis the video frames showing the single outlines are grabbed with a
computer (e.g. Apple Macintosh Power PC with video frame-grabber card) and saved as TIFF-files.
Barrel distortion can be corrected with thesoftware ‘Panorama Tools for Macintosh/ Windows/ Linux,
version 1.7.2‘ (written by H. Dersch and available from http://www.fh-furtwangen.de/~dersch), a
2
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plug-in for the widely used Photoshop (Adobe Systems) or compatible software. Correction factors can
be altered within the plug-in until the outline of the calibration frame becomes rectangular again. Al l
images taken with the same set-up can be corrected (automatically) and are ready for analysis.
The outlines are reconstructed within ‘Object-Image 1.62’. (written by N. O. E. Vischer as an extended
version of W. Rasband's public domain image processing program 'NIH-Image' and currently available
from    ftp://simon.bio.uva.nl/pub)   . This software is easy to configure for the particular task and macros
were written for automizing the repeating procedures of image analysis and measuring. The whole set of
images of a particular cavity is imported in the consecutive order into the program and converted to an
image stack– the analysis can start.
As shown in Fig. 2, the outlines of the objects are clearly visible. If light rings are completely closed,
outlining can be automated through the 'density slicing' feature of the software. If they are
discontinuous, manual outlining with a graphic computer pen or the mouse is an alternative which I
employed for my studies. Parameters measured included perimeter, area, major and minor axis of the
best fitting ellipse and xy-coordinates of outlines and position of the LightSheet.
After completing a whole stack, xy-coordinates of the outlines are saved and can be directly exported
for visualization with the software Rotater 3.5 (written by C. Kloeden and freely available from
ftp://raru.adelaide.edu.au/rotater/)   . Here the object is reconstructed from its outlines (producing a
‘wire-frame model’), rotated in any direction and thus visualized  in three dimensions (Fig. 3). For the
sake of clarity Fig. 3 shows a demolished tin-pipe that was used for calibration. Reef cavities were too
irregular for the illustration of the principle.
Fig. 3. 'Wire-frame model' reconstructed from 20 contours of a demolished tin-pipe, acquired with the
LightSheet system at 5 cm increments. Black dots indicate location of the track for each outline. Lateral
view from elevated view point
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Fig. 4.   An example for the virtual ‘reslicing’-capability of Object-Image. A horizontal (A) and a
vertical long-section (B) of a Ras Mohammed cavity. Grey speckled bars indicate the axis of the
LightSheet survey, small bars indicate sections of the original slices (5cm width) connected manually to
vizualize the virtual outline
The ruggedness or shape of single cross-sections can be described by a range of indices, calculated from
the measured parameters (Russ 1999). A combination of several indices is needed to sufficiently describe
the properties of the 2-dimensional outlines. Four factors were calculated for the field studies and the
calibration:
ACCURACY
Formfactor =
4 π Area
Perimeter 2
Emphasizes any increase in the perimeter, e.g.through
increase of irregularities in the outline
Aspect Ratio = Max Diameter
Min Diameter
Circular or square outlines equal 1, any stretching 
is visible through increase of the aspect ratio, it is 
size independent
Shape factor =
Perimeter
Area
Balances perimeter and area, but grows with 
the increase of irregularities
Roundness =
4  Area
 π Max Diameter 2
Also emphasizes increase through stretching, no
influence through increase in irregularities
bottom
left wall
right wall
ceiling
A
B
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Sources of error had to be considered to define the accuracy of the method. One of them is inherent to the
camera and the filming process: do the acquired video images contain sufficiently accurate distance
information? In order to assess this error, I surveyed an artificial cave with the LightSheet system: a
tin-plate pipe (1.0 m long, 0.34 m in diameter) from an old ventilation system underwent 4 successive
morphological changes forced by a 3-pound hammer to simulate cavities of different shape and
ruggedness. Its volume was measured with water: the pipe was placed on an even board on a scale
(SECAM, accuracy ±0.5 kg) and lined with a large plastic bag which was filled with water and
weighed. Outlines of the cavity were recorded in 5 cm increments as described above. Images were
analyzed in two ways, without and with distortion correction and calculated for 5 cm and 10 cm
progression increments. Results are displayed in Table  1.
The analysis of distortion corrected images clearly improves the accuracy of the volume estimates.
However, in general the LightSheet method tends to increasingly underestimate the actual cave
volume the more the cave is deformed. This might be due to the distortion by the lens, which cannot
fully be compensated for by the correction process. Wide-angle lenses are usually not employed for
surveying due to their optical properties. However when working in confined habitats like coral reef
cavities there is no alternative and the observed error is acceptable, especially after correction.
Table 1. Results of calibration surveys. Trial No. 1 is the original pipe, 2-5 are the successively
deformed stages. Calculations of 4 shape descriptors are added and described in the previous paragraph
The increase of the sampling increments from 5 to 10 cm has sacrificed only little accuracy with a
maximum of –0.4 % for the surface area and –0.3 % for the volume.  Therefore the 10 cm-mode, equalling
10 samples per 1 m cave, can be regarded as sufficient. However, for more complicated or shorter
structures as well as for studies where more detailed information on the morphology itself is required,
smaller increments would be favourable.
Another source of error is the manual outlining procedure with image analysis. This error was evaluated
by repeated outlining (n=10) of the same pipe image. Results are listed in Table 2.
Trial 
No.
Volume in l 
determined 
by weight 
of water
Volume in l 
by 
Lightsheet 
5cm 
increments
∆ % to 
Vol by 
weight
Volume in l 
by 
Lightsheet 
10 cm 
increments
∆ % to Vol 
at 5 cm 
increments
Inner 
surface in 
cm2
 area   
5 cm 
increments
∆ % to 
calculated 
surface
Inner 
surface 
area in cm2 
10 cm 
increments
∆ % to 
surface area 
at 5 cm 
increments
Form-
factor
Aspect 
Ratio
Round-
ness
Peri-
meter/ 
√Area
without distortion correction
1 90 85.6 -4.9 85.3 -0.3 10450 -1.6 10426 -0.2 0.89 1.03 3.04 3.76
2 87 81.3 -6.5 81.6 0.3 10432 -1.8 10428 0.0 0.85 1.38 2.27 3.85
3 81 74.3 -8.3 74.6 0.4 10316 -2.9 10333 0.2 0.79 1.54 2.04 3.98
4 76 69.9 -8.1 69.7 -0.2 10108 -4.8 10096 -0.1 0.78 1.73 1.83 4.03
5 73.5 67.5 -8.2 67.3 -0.2 10237 -3.6 10223 -0.1 0.73 1.58 2.00 4.15
with distortion correction
1 90 90.6 0.6 90.8 0.2 10742 1.1 10766 0.2 0.89 1.05 2.98 3.76
2 87 86.5 -0.6 86.4 -0.1 10806 1.8 10798 -0.1 0.84 1.43 2.19 3.87
3 81 78.7 -2.9 78.7 0.0 10835 2.0 10840 0.0 0.76 1.63 1.93 4.07
4 76 73.7 -3.0 73.5 -0.3 10573 -0.4 10528 -0.4 0.75 1.83 1.72 4.10
5 73.5 70.7 -3.8 70.5 -0.3 10688 0.6 10662 -0.2 0.70 1.66 1.92 4.23
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Table 2. Measurement error through manual outlining of a cave cross-section       
Values suggest that the manual outlining procedure contributed only little to the measurement error, but
this depends of course on the training of the person doing the analysis.
Applications. The LightSheet system is well suited to investigate coral reef cavities as part of a
detailed ecological study of cryptic reef communities (Wunsch, Chapter 3, this thesis). The
reconstruction of the caves as 3D-models is very useful for the interpretation of biological and physical
data. The non-destructive method can be used to survey any underwater cave, brine channel or
terrestrial system.
CONCLUSIONS AND OUTLOOK
The LightSheet method is a quick and accurate method for the aquisition of data of cave dimensions
and morphology. Theoretically a seamless reconstruction can be achieved by decreasing sampling
intervals. However the method finds its limitations in the case of too irregular objects blocking the
view of the camera onto the outline or if objects are larger than the field of view of the camera. To a
certain extent these problems can be solved with a camera lens of a shorter focal length. The camera can
then be positioned closer to the lamp but still covers the same frame size. Consequently it is less likely
that obstacles block the cameras view.  
The second option is to record the outlines from the opposite side of the lamp. This again could be
achieved in two ways:
1. Simultaneously: by using a second camera head and either switching the recording channels at each
sampling interval or employing a second recording unit.
2. Consecutively: by changing the camera around to the opposite side of the lamp after completion of
the first transect and repetition at identical positions. Afterwards outlines could be matched by
comparing the respective pairs.
The set-up I used only employed a single LightSheet lamp. This was sufficient to outline more or less
roundish structures but can cause problems when working with very irregular objects: The radial nature
of the emitted light of a single lamp only outlines the objects closest to it, so that objects further away
fall into the shadow. A multi LightSheet set-up can solve this problem: two or more LightSheet lamps
are precisely aligned in the same plane at a certain distance to each other. As a result, the objects are
lighted from different angles. The power of the lamp may be adapted to the size of the structures under
investigation and the size of the lampshade modified to access habitats smaller than 10 cm in
diameter.
The costs for the LightSheet method can be reduced significantly by employing cheaper camera heads
than the one used with the CaveCam. These could be black and white cameras or those with a lower
resolution, since resolution is not as important for this purpose.
Other video or still camera-systems may be employed but two main features of these systems have to be
considered: (1) the bulkiness of the camera may restrict access to smaller cavities. (2) the achievable
field of view is crucial for the success of the method. The wider this field of view the wider is the range
of habitats that may successfully be surveyed. The advantage of video cameras over still cameras is,
that they can continuously record the whole survey and thus provide seamless information on cave
morphology.
Finally the 3D-reconstruction of substrates provides the benthic ecologist with a powerful tool to link
biological data to geomorphological properties of the studied habitats and to visualize findings. I f
   Parameters Mean (n=10) Standard error of the mean
   Area in cm2 1022.99 2.16
   Perimeter in cm 120.27 0.15
   Aspect Ratio 1.044 0.003
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needed, more sophisticated software can be employed to model the recorded structures and to combine
them with other image information, e.g. from CaveCam surveys.
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Coelobite (cavity-dwelling) communities and environmental conditions
in Red Sea coral reef crevices
Mark Wunsch
Zentrum für Marine Tropenökologie, Fahrenheitstr. 1, D-28359 Bremen, Germany
ABSTRACT: The morphology, size, light regime, water exchange and coelobite community structure of
Red Sea coral reef crevices (0.2-0.8 m diameter, 1.2-4.0 m length) were investigated using traditional
and novel techniques, including the video-endoscopic CaveCam (Chapter 1) and the LightSheet
(Chapter 2). Image analysis of a total 3066 video images from reef crest, upper and lower fore reef
cavities in Aqaba (Jordan), Ras Mohammed (Egypt) and Eilat (Israel) revealed a rich sessile
macrobenthic community, encompassing 386 taxa (including 156 species and/or genera) and covering on
average 65 % of the substratum. Coralline algae abounded near the entrances. The middle and inner
sections of the cavities were dominated by cryptofauna, notably sponges, which could cover up to 50 % of
cavity walls. Polychaetes, ascidians, foraminifers, soft and solitary hard corals were also common. The
horizontal zonation of the coelobite community was governed by the distance from the cavity entrance,
a strong light gradient, spanning five orders of magnitude between the entrance and inner reaches of a
given cavity (0.0005-16.5 %), and by five-fold differences in water exchange (0.9-5.5 cm s-1). These
factors accounted also for much of the vertical differences between reef crest and fore reef cavities as
well as for the regional differences between the investigated sites. Key taxa characterizing the
observed distributions were identified.
Cavities were estimated to at least double or triple the substrate area compared to a reef without caves.
Thus the coelobites inside the reef would occupy an area at least as large as the outer surface area of the
reef.
KEY WORDS: Caves – Cavities – Coral Reef - Image analysis – Underwater video - Volume assessment
–  Benthic communities – Community analysis
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
INTRODUCTION
Coral reefs are commonly perceived as massive limestone formations. However, their framework is in
fact a rather hollow structure riddled with holes and crevices which provide extensive substrate for a
wide range of benthic organisms and shelter for many vagile animals, which include almost all known
phyla, except mammals (Kobluk 1988). Cryptic habitats occur in a wide range of scales and forms. They
originate from complex interactions between coral growth forms, differential growth rates, bioerosion by
many organisms (i.e. algae and sponges) (Bonem 1977), as well as from collapse and solution of the
framework (Logan et al. 1984). Two extreme types of these habitats have been extensively investigated.
The first are the spectacular big caves, that may extend up to more than 50 m into the framework and
are easily accessible by conventional SCUBA diving  (Vasseur 1974, Logan 1981, Vasseur 1981,
Macintyre et al. 1982, Logan et al. 1984). The second are the undersides of easily collectible coral
fragments, known as coral rubble (Choi & Ginsburg 1983, Choi 1984, Meesters et al. 1991, Gischler &
Ginsburg 1996, Gischler 1997). These studies provided taxonomic inventories and revealed the main
factors governing coelobite distribution, such as light intensity, flushing rate and biological interactions
between organisms. Coelobite cover usually occupies between 30-100 % of the available substrate.
Generally the importance of autotrophic algae and mixotrophic corals declines with decreasing light
levels, leading to almost exclusively heterotroph communities inside the dark inner sections of caves
(Vasseur 1974, Dinesen 1983, Logan et al. 1984). These are usually dominated by sponges, but ascidians,
bryozoans, foraminifers, brachiopods and polychaetes may locally abound.
Crevices, cracks and small caves (0.05-1 m in diameter) are the most common cryptic coral reef habitats,
providing probably more than half of the total available settlement area in coral reefs (Jackson et a l .
1971, Logan et al. 1984). However, these small cavities have remained virtually unexplored, due to
their inaccessibility for divers and the lack of an appropriate exploration tool. It is only after the
20
development of the CaveCam, that it has become possible to unveil this large unknown of coral reef
research (Wunsch & Richter 1998). This diver operated, endoscopic underwater videosystem can be
introduced up to 4 m into narrow coral reef crevices and provide high resolution images  from  the
coelobite  communities.
Objectives . Three main objectives guided  this work:
One major goal was to (1) quantitatively describe the coelobite communities in ‘typical’ 0.2-0.8 m
diameter cavities at selected reef sites in the Gulf of Aqaba and northern Red Sea using the CaveCam
(Wunsch & Richter 1998), (2) ground-truth these video observations by selective sampling and expert
identification of coelobites, and (3) build up a reference collection of the poorly studied cryptofauna of
the northern Red Sea.
The second objective was to identify the factors and to assess their relative importance in controlling
the composition of coelobite communities (1) between cavities (e.g. between different depths and sites),
and (2) within cavities (i.e. between entrance and inner sections of the cavities). In particular, I was
interested to test whether there are significant variations in coelobite diversity and abundance between
two environmentally distinct locations (Aqaba and Ras Mohammed) and whether these differences
could be attributed to differences in water depth, illumination, water exchange or cave morphology.
The third purpose was to estimate the larger scale porosity of the reefs in order to estimate the
relevance of my findings for the general understanding of the reef ecosystem.
MATERIALS AND METHODS
Site description. Two main study sites were selected at the opposite ends of the northeastern extension
of the Red Sea: (1) Aqaba (Jordan) on the northern shore of the Gulf of Aqaba (29°27'N, 34°58'E) and (2)
Ras Mohammed (Egypt) on the southern tip of the Sinai peninsula bordering the Red Sea proper
(27°40'N, 34°16'E) (Fig.1). The Aqaba site is located in a marine reserve in front of the Marine Science
Fig. 1. The northern end of the Red Sea. Arrows indicate the working sites
                                        (© G. Krause & I. Kötter, ZMT)
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Station (MSS). It harbours one of the northernmost tropical coral reefs existing today, featuring
moderate coral cover, large seasonal variations of water temperature (21-26 °C) and weak currents (5.2
cm s-1 on average, rarely exceeding 20 cm s-1, Manasreh, 1998).
The general reef morphology and ecology of its coral communities have been well described by various
workers (Mergner & Schuhmacher 1974, Mergner 1979, Bouchon et al. 1981, Schuhmacher et al. 1995). A
small wadi debouches into the sea within the MSS reserve, discharging water and sediments only
occasionally during rare flash floods and carving a submarine canyon into the reef framework. The steep
walls in and around this area are riddled with framework cavities. Twelve cavities were chosen for
study, four on the upper, four on the lower fore-reef slope at 11-13 m and 19-20 m water depth and four
shallow ones (2-4 m water depth) located in the ‘Coral Garden’, a fringing reef with prolific hard coral
growth near the ferry terminal north of the MSS.
The second reef site is situated in the Ras Mohammed National Park in Egypt and is commonly known as
‘Shark Observatory’ (Colour Plate 1A). Here the reef slopes away almost vertically in a spectacular
drop-off from the reef crest to more than 70 m. The crest also shows distinct algal rims reflecting the
impact of waves of much higher energy than the ones found in the protected Gulf. Large gorgonians at 20
m depth indicate vigorous flushing by strong tidal currents (Reiss & Hottinger 1984). Hard corals tha t
find hold on steps and terraces show prolific growth but much of the reef wall consists of overhangs,
caves and cavities (Colour Plate 1B). Again three sets of four caves were selected haphazardly at the
same depth ranges (shallow-medium-deep) as in Aqaba.
The cavities at the third site, Eilat, did not match the suite of criteria on cavity dimensions and depths
to be included in this analysis. However, a 4 m long cavity in ’Moses Rock’ was included as a case study
for a large tunnel cavity. Moses Rock is an isolated reef pinnacle within the "Coral Beach" marine
reserve close to the town of Eilat, Israel, only ~5 km across the Gulf from the MSS Aqaba. This pinnacle
is located 40 m seaward of the fringing reef, where it emerges from a gently sloping sandy bottom from 5
m depth to the surface. It measures 4-6 m in diameter and is riddled with many small cavities and
cracks. The currents in the area are generally weak, but the main tunnel cavity is oriented parallel to
the prevailing WE-EW and, hence, well flushed (Richter & Wunsch 1999).
Sampling design. The sampling design was tailored to account for differences between sites (Aqaba, Ras
Mohammed), depths (shallow-medium-deep with water depths ranging between 2-3 m, 11-13 m and 19-
20 m, respectively), distance from the cavity entrance (in 25 cm increments or ‘slices’ of 0, 25, 50, 75 ...,
200 cm) and substrate orientation (ceiling, left and right wall, bottom). Parameters measured included:
abundance in percent cover of coelobite taxa, light intensity, water exchange, as well as various
measures of cave morphology. Cavities matching the criteria of length (1.25-2 m) and opening diameter
(<1 m) were selected hapharzardly by diving along the predefined depth. The longer Moses Rock
cavity was investigated at 50 cm increments from 0-350 cm.
Survey methods. The sessile communities lining the inner surface of the cavities were sampled by video
using the CaveCam, an underwater endoscopic system that was developed especially for this purpose
(Wunsch & Richter 1998). It consists of a high-resolution finger camera in an underwater housing that is
connected with a 3.8 m long cable to a Hi-8 video recording and a control unit. A separate light system
ensures even illumination of the objects. The housing for the finger camera head, measuring only 25 mm
in diameter and 109 mm in length, can be easily introduced into the narrow cavities.
A 3 mm superwide-angle lens was employed to explore the cave and to document its general structure.
For the community survey the camera was equipped with a 7.5 mm wide-angle lens and a 45° mirror
device allowing perpendicular and close-up viewing of cave walls. The camera was adjusted to a frame
size of 6 x 4.5 cm and positioned at the constant working distance of 4 cm by spacers. It was mounted on a
flexible 50 cm rod of a special aluminium alloy and fastened to a 130 cm standard 1 × 1 cm aluminium
profile (for details see Wunsch & Richter, 1999). Prior to filming, an aluminium profile with a cm-scale
was inserted into the cave for reference.
Sampling routine: Along the cave axis, every 25 cm ‘slice,’ a set of 20 frames was recorded, capturing 5
frames of each roof, bottom, left and right side respectively. Thus the average 1.5 m cavity yielded a
total of 140 frames, representing an area of 3780 cm2. The actual area sampled was slightly higher,
because space constraints sometimes allowed only oblique views of the substrate. Coelobite cover is
therefore given in relative rather than in absolute units.
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Cavity volume, surface area and morphological features were assessed by means of the LightSheet, a
CaveCam based underwater surveying system (Wunsch, Chapter 3). It produces successive cross-sections
of the cavities along their axis from which the 3-D outlines of the caves can be reconstructed (Fig. 1).
Thus cave volume as well as wall area can be calculated. I used 10 cm intervals between slices (for
details, see Wunsch, Chapter 3). The digitized cross-sections were characterized by their perimeter and
area from which the following form-describing factors were calculated, following suggestions by Russ
(1999):
Image analysis. Image analysis was performed on an Apple Macintosh platform with a high quality
frame grabber card and a digitizing tablet. The public domain software NIH-Image (developed by W .
Rasband at the U.S. National Institutes of Health, available on the Internet: http://rsb.info.nih.gov
/nih-image/) was employed for semi-automated image-analysis. Several software-macros were
written to facilitate the routine work and to acquire the necessary image information.
For analysis images were displayed on the computer screen. In parallel I reviewed the respective video
sequences from the original videotape. This procedure adds very useful 3-D information for the
identification of the coelobites.
Individual organisms, substrate, unidentifiable crusts and void areas (i.e. black background in a part of
the image) were outlined manually with the digitizing pen and the required data recorded as percent
cover of each individual. Organisms were specified, if possible, to species level or grouped to the
nearest taxon. In some instances this was possible only to the phylum level, e.g. ‘other sponges’.
Parallel to this procedure a reference database was maintained in which the species were recorded
with typical images and descriptions. This database was supplemented with images and species names
from the sampling of reference specimen (see below).
Reference sampling.  Parallel to the video surveys at Aqaba and Ras Mohammed 198 coelobites were
photographed in situ (Nikon SLR with 105 mm macro-lens, Subal underwater-housing, Seacam
underwater flash, Fuji Velvia slide-film) for ground-truthing of the video images. Photographed
specimens were carefully removed from the cavity walls by means of a small chisel or blade, fixed by
standard procedures for the respective taxonomic groups and sent to the following experts for
identification: encrusting algae: Derek Keats, University of the Western Cape, South Africa;
foraminifers: L. Hottinger, Natural History Museum, Basel, Switzerland; sponges: R. van Soest,
University of Amsterdam, Netherlands; gorgonians: M. Grasshoff, Research Institute Senckenberg,
Germany; soft corals: K. Fabricius, Australian Institute of Marine Science, Australia; hermatypic corals:
D. Fenner, J. E. N. Veron, Australian Institute of Marine Science, Australia; ahermatypic corals: H.
Formfactor =
4 π Area
Perimeter 2
Emphasizes any increase in the perimeter, e.g.through
increase of irregularities in the outline
Aspect Ratio = Max Diameter
Min Diameter
Circular or square outlines equal 1, any stretching 
is visible through increase of the aspect ratio, it is 
size independent
Shape factor =
Perimeter
Area
Balances perimeter and area, but grows with 
the increase of irregularities
Roundness =
4  Area
 π Max Diameter 2
Also emphasizes increase through stretching, no
influence through increase in irregularities
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Zibrowius, Marseille; bryozoans: J. Scholz,  Senckenberg Research Institute, Germany; ascidians: P.
Kott, Queensland Museum Brisbane, Australia.
Water exchange rates. Water motion was measured by an indirect time-integrating method known as
the ‘clod card’ technique (Jokiel & Morrissey 1993). In this inexpensive method, the dissolution rate of
blocks made from regular plaster of Paris is proportional to the rate of water motion. Blocks were cast in
hemispherical ice-cube molds, dried for 48 h at 70°C and weighed. After 48 h of exposure in the sea,
blocks were retrieved, dried and re-weighed. Dissolution rates were calibrated with a SD-6000 current
meter (by Sensordata AS, Norway) in the field: sets of six replicate blocks were moored next to the
current meter for 48 h periods under different current regimes. A reference set was placed in a closed 50 l
barrel in the reef to simulate zero current conditions. Current meter readings were averaged over the
respective 48 h for the calibration curve. The regression yielded a nearly perfect fit:
Current speed (cm s-1)= -2.22 + 5.45 * weight loss (%  h-1); R2 =0.99
The aim was to measure gradual differences of water exchange rates along the cave axis. 2 m long
aluminium profiles were equipped with four pairs of plaster blocks, one pair each for the end, the
middle, the cave entrance and the open water (approximately 50 cm from the cavity entrance)
respectively (Colour Plate 1C). One block per pair was hung on wire hooks 10 cm to the left and the
right side of the profile. These were then concurrently placed along the cave axis for 48 h. This
procedure was repeated three times. Unfortunately on two occasions set-ups were removed by tourist
divers at Ras Mohammed, reducing the number of observations to four instead of six.  Results were
averaged over time and cavities categorized featuring slow (<1.5 cm s-1), medium (1.5-3.5 cm s-1) and
high (>3.5 cm s-1) water exchange rates.
Light measurements. A miniaturized light-meter was designed in order to measure the light intensity
with increasing distance from the cavity entrance. It featured a high sensitivity (flat) cosine collector
to account for the small-scale variations in the orientation of the substrate. A shielded 4 m long cable
connected the small sensor (10 mm in diameter) to the control and power unit which was accommodated
in a custom made PVC-housing. A bright LED display provided easy readability of the measured
values. For the surveys the sensor was supported by a flexible 0.6 m long copper-cable (2 mm in
diameter) which was attached to a 1 m long aluminium profile. The sophisticated electronics were
developed by W. Metzler, Department of Geology, University of Bremen. The photodiode and the
wavelength filter that restricts the measured light to the photosynthetically relevant 400-700 nm were
kindly provided by A. Wieland and G. Holst, Max-Planck-Institute for Marine Microbiology, Bremen.
Duplicate readings were taken from each ’orientation‘ resulting in 4 times 2 readings per ”slice”. The
duplicate values were averaged and displayed as percent of the surface radiation. Unfortunately the
underwater-housing of the light-meter failed on the last sampling day and thus light could not be
measured in 3 caves (RM 2, 4, 9).
Assessment of reef porosity. Numbers and sizes of cavities were surveyed at Aqaba and Ras Mohammed
by the modified line-transect method: a measuring tape was randomly laid out along the selected depth
ranges within the study areas and cavity openings were recorded on the line to the nearest 0.1 m. Any
framework void > 0.05 m deeper than wide was considered a ‘cavity’ and recorded. In Ras Mohammed
two 50 m transects were enumerated for each depth, and the number of caves recorded. In Aqaba, where
the reef is interrupted by sandy grooves, some of the 50 m transects had to be replaced by 20 and 30 m
transects.
Statistical analysis. Community analyses were performed on a subset of data excluding the rare species
(Clarke & Warwick 1994). A combination of the overall contribution to the cryptofauna cover (>250
area units) and to the total numerical abundance of a taxon (n>150) qualified 37 taxa for this analysis.
Because of unequal length of the cavities investigated, only the first 6 slices were considered for this
analysis. I applied a variety of analytical techniques to outline the distribution and structure of
distinct macrobenthic coelobite assemblages and to test their relation to environmental parameters
(depth, water motion, cavity size, form etc.). Classification and ordination procedures were used to
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discriminate between groups of stations with similar faunal composition (Field et al. 1982). These are
part of the PRIMER 4.0 software package for multivariate statistics (developed by K. R. Clarke and R.
M. Warwick at the Plymouth Marine Laboratory). Hypotheses about the influence of single
environmental factors were investigated with the ANOSIM-program (analysis of similarities), a
simple non-parametric permutation procedure, applied to a rank similarity matrix underlying the
ordination or classification of samples (Clarke & Green 1988). The relationships between community
patterns and the environmental parameters were analyzed with the multivariate BIO-ENV procedure
proposed by Clarke (1993). This multivariate method allows the identification of a set of
environmental parameters that correlates best to the biotic structure and may thus be assumed to
strongly affect the communities. Non-parametric multidimensional scaling (MDS) with the Bray-
Curtis measure for similarities and 4th-root transformation was applied to the same data set to display
the stations in a two-dimensional plot reflecting their biological similarities (Kruskal & Wish 1978).
The programm SIMPER helped to reveal the contribution of each species to the similarities and
dissimilarities between different coelobite assemblages on the basis of presence/absence data. All other
statistics were carried out with the STATVIEW 5.0 software package (by SAS, USA).
RESULTS
Cavities. Table 1 summarizes the main characteristics of the 25 cavities. They were grouped into three
categories by their general structure: (1) dead ending ‘sack-type’ cavities, (2) tunnels with subsidiary
branches connecting to neighbouring cavities and (3) tunnels that have a rather open structure as found
regularly close to the reef crest.
Table 1. Characteristics of all 25 cavities
       
S i t e Code Depth ( m ) Cavity type
Total 
length 
( c m )
Cavity 
volume 
( l )
Inner 
surface 
area (m2)
Water 
motion 
(cms - 1)
SE     
(cm s- 1)
Water 
m o t i o n
Aqaba AQ 1 2 open tunnel 175 456 4.2 4.3 0.2 rapid
Aqaba AQ 2 2 open tunnel 150 564 3.8 3.8 0.3 rapid
Aqaba AQ 3 2 open tunnel 150 303 3.7 2.8 0.1 medium
Aqaba AQ 4 2 open tunnel 150 483 4.7 3.6 0.0 rapid
Aqaba AQ 5 12 tunnel w sidearms 150 298 3.7 1.7 0.1 medium
Aqaba AQ 6 14 open tunnel 150 334 3.2 2.1 0.0 medium
Aqaba AQ 7 14 open tunnel 150 428 4.0 2.0 0.1 medium
Aqaba AQ 8 14 sack 150 542 4.5 1.4 0.1 slow
Aqaba AQ 9 19 sack 150 361 3.5 2.1 0.4 medium
Aqaba AQ 10 19 sack 125 288 3.4 2.2 0.5 medium
Aqaba AQ 11 20 tunnel w sidearms 150 224 3.0 2.5 0.2 medium
Aqaba AQ 12 19 sack 150 249 2.9 1.8 0.2 medium
Ras Mohammed RM 1 2 open tunnel 150 571 5.5 5.1 0.4 rapid
Ras Mohammed RM 2 2 open tunnel 175 345 4.2 3.8 0.3 rapid
Ras Mohammed RM 3 3 open tunnel 150 281 3.5 3.9 0.4 rapid
Ras Mohammed RM 4 3 open tunnel 150 303 3.8 5.5 0.3 rapid
Ras Mohammed RM 5 12 tunnel w sidearms 150 312 3.3 2.6 0.2 medium
Ras Mohammed RM 6 12 tunnel w sidearms 125 436 3.7 2.5 0.3 medium
Ras Mohammed RM 7 14 sack 150 254 3.1 0.9 0.1 slow
Ras Mohammed RM 8 14 tunnel w sidearms 150 603 5.5 0.9 0.2 slow
Ras Mohammed RM 9 14 tunnel w sidearms 200 557 4.9 1.8 0.1 medium
Ras Mohammed RM 10 20 tunnel w sidearms 150 304 3.7 2.1 0.1 medium
Ras Mohammed RM 11 20 open tunnel 150 238 2.7 2.4 0.1 medium
Ras Mohammed RM 12 20 tunnel w sidearms 150 260 3.2 2.0 0.2 medium
Eilat MR 20 tunnel w sidearms 400 – – – – –
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With respect to water exchange, cavities were classified into those with slow (<1.5 cm s-1), medium
(>1.5 cm s-1 and <3.5 cm s-1) and rapid flushing (>3.5 cm s-1). With the exception of cave AQ 3 flushing
was highest in the shallow caves with wave driven currents of up to 5.5 cm s-1. During two of the six
sampling days at Ras Mohammed strong swell was observed that prevented me from working in shallow
water. In Aqaba swell is generally weaker but waves hampered the work on two days. The caves tend to
funnel impinging waves with subsequent acceleration of the water. Weak flushing was typical for ‘sack-
type’ caves. I found lowest values (0.9-1.4 cm s-1) in AQ 8, RM 7 and RM 8, which are situated in
sheltered habitats near the bottom of a canyon or in pockets perpendicular to the prevailing flow. Cave
sizes ranged between 238-603 l.
Inventory and diversity of coelobites. Diverse cryptic communities were encoun-tered at all three sites.
All together, 386 taxa were distinguished from a total of 3066 video close-up images representing an
area of more than 8 m2 of cavity habitat. The cumulated number of taxa plotted against the number of
cavities sampled shows an initial steep slope and a subsequent tailing off of the curve (Fig. 2).
The shape of the curve suggests on the one hand, that sampling had been adequate to account for the
common coelobite taxa such as the sponges Clathria sp. or Batzella sp., occurring in >65% of the cavities
investigated. On the other hand it shows the increasing sampling efforts needed to find inceasingly
rarer species. For example 230 taxa occurred less than 10 times and 85 taxa only once. Curiously, the
diversity is lower at Ras Mohammed in the Red Sea proper than in Aqaba at the northern tip of the
Gulf of Aqaba. Both curves are offset by about 40 species.  
The taxa identified to either genus or species level are listed in Table 2 with information on
presence/absence at the three study sites.
An overview of the major groups with their relative cover and species diversity per cave is summarized
in Table 3. 60 % of the sampled area could be assigned to macrobenthic taxa and 5 % to unidentifiable
macrobenthos. The remaining substrate was classified either as sediment, microfacies (a rocky substrate
with reddish to brownish coloration but no visible layers of higher organisms) or unidentifiable hard
substrate (a rather amorphous rocky substrate with varying coloration).
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Fig. 2. Cumulated number of taxa versus no. of cavities for sessile coelobite communities in Aqaba, Moses
Rock and Ras Mohammed
 With 205 taxa sponges were by far the most diverse group. The most important sponge and in fact the
single most important animal was Chondrilla sacciformis (Colour Plate 2A), a very competitive
encrusting species that covered large areas in caves between 12-20 m water depth, up to 0.5 m2 in areal
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extension! Polychaetes were locally abundant and reached an overall average of 5.6 % cover. This was
mainly due to monospecific crusts that occurred in several caves (Colour Plate 2B). It was not clear if a l l
individual tubes of these crusts were still inhabited by worms or if the empty ones had built up over
time. In Ras Mohammed a very interesting but until now unidentified filamentous organism (UFO) was
commonly found on the side walls and close to the bottom of the cavities (Plate 2C). It developed
extensive stands with flexible, non-segmented, filamentous tubes and occupied up to 3 % of the
substratum in upper and lower fore-reef cavities. In spite of careful examination of sample material by a
number of taxonomic experts, it was not possible to determine even the phylum. Ascidians, scleractinians
and octocorals were patchily distributed with low overall coverage of 1.3 –1.8 %. Within the ascidians
the colonial Didemnidae represent almost one third of the 39 taxa but comprise over 85% of the
colonized area, four didemnid taxa alone accounted for 76 % of ascidian cover.
The red Didemnum sp. 2 was the single most important ascidian but only occured in the shallow cavities
in Aqaba where it formed extensive colonies.
The scleractinian corals are divided into two major groups: the so-called reef-building or hermatypic
corals, and the ahermatypic corals with representatives of the families Dendrophyllidae and
Caryophyllidae. The latter reached high densities on the ceilings of cavities, e.g. in the middle section
of Moses Rock where they accounted for up to 25% cover. This well flushed cavity also stood out by its
high cover with Scleronephtya sp., an arborescent soft coral that extends its branches well above the
substrate and into the cavity water. Another peculiar octocoral family are the branching Gorgonidae
(Colour Plate 1F, 2F) which usually occur in well flushed locations where they orient themselves
perpendicular to the main current direction. Of these Acabaria erythraea  was found at Aqaba and Ras
Mohammed, whereas Acabaria delicata, A. aff. splendens and Acanthomuricea dina (Colour Plate 2F)
were encountered exclusively at Ras Mohammed. The latter features a rather tough skeleton and
occured regularly over the whole depth range whereas A. delicata  with its brittle structure was found
only in cavities at 20 m water depth.           
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Fig. 3.  Number of taxa per 25 cm-slice, lumped from all Aqaba and Ras Mohammed cavities
Horizontal sections of diversity showed lowest numbers of taxa near the cavity entrance, a maximum a t
50 cm from the entrance and a slight decrease in number of taxa towards the inner cavities ( Fig. 3).
Factors controlling cryptic communities. Multivariate statistical analyses were carried out to identify
possible environmental factors and to assess their importance with regard to the observed changes in
coelobite communities. Separate analyses were carried out to investigate (1) the vertical and regional
differences between cavities and (2) the horizontal differences within the cavities. The former was a
depth by depth or site comparison, respectively, of cavities averaged horizontally across slices. The
latter a slice by slice analysis of a composite cavity averaged across depths and sites. The analyses
were based on the 37 most abundant taxa as defined above and the 24 Aqaba and Ras Mohammed
cavities.
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Effect of site, depth, orientation of walls and flushing, tested with ANOSIM. The ANOSIM test
indicated highly significant differences in coelobite community composition between sites and depths.
The pairwise comparison showed that this was due to significant differences between reef crest and
fore-reef cavities but not between upper and lower fore-reef cavities (Table 4).
Water motion had a significant effect on coelobite community composition. Pairwise comparison
revealed that these were due to significant differences between well flushed and moderately or weakly
flushed cavities but not between the latter two categories. Also shape had a significant effect on the
coelobite community. It was due to differences between open tunnel and sack cavities, but not between the
other cavity types. Significant differences in orientation originated from differences in the communities
between the bottom and either ceiling or sides. This was due to marked differences in substrate: the
bottom was mainly covered by rubble or sediment.
Table 4. Results of pairwise analysis of similarities test (ANOSIM). Significant differences between
factors based on 4th-root-transformed data at p<0.05 are highlighted in bold type
  Factor Pair tested Significant at p< 0.0
  Site Aqaba, Ras Mohammed <0.001  
  Depth shallow, medium 0 . 0 0 3
shallow, deep 0 . 0 0 2
medium, deep 0.394
  Water motion rapid, medium 0 . 0 4 5
rapid, slow 0 . 0 0 8
medium, slow 0.191
  Cave type open tunnel, tunnel w sidearms 0.056
open tunnel, sack 0 . 0 4 8
tunnel w sidearms, sack 0.095
  Orientation ceiling, bottom 0 . 0 2 9
ceiling, side walls 0.982
side walls, bottom 0 . 0 0 2
 Fig. 4. Non-parametric MDS ordination plot of the 24 cavities at Aqaba (A) and Ras Mohammed (R),
labelled according to depth (s = shallow, m = medium, d = deep). Based on 4th-root transformed
abundances (= cover) of the 37 most abundant taxa and Bray-Curtis similarities (stress = 0.18)
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The MDS-ordination (Fig. 4) illustrates the site and depth differences between coelobite communities in
Aqaba and Ras Mohammed, grouping the stations to the left and right and the upper and lower parts of
the plot. This corresponds well with the results from the previous analyses but the stress factor of 0.18,
as well as the incomplete separation of the medium and deep cavities call for a cautious interpretation
of this plot.
BIO-ENV for caves. BIO-ENV analyses were carried out on the same data subset as used in previous
analyses (Table 5). The combination of a number of environmental descriptors showed, that site, depth
and volume flushing (i.e. the product of water exchange rate and slice cross-sectional area, in l s-1)
accounted for 42 % of the observed differences in coelobite community composition between the cavities.
However, the combined factor yielded only slightly better results than the factor site alone,
compounding the earlier results of ANOSIM which gave highest importance to the factor site. In order
to account for the large differences between sites, the global BIO-ENV analysis was complemented by
separate analyses for each of the sites (Table 5 B, C). The main determinant for the Aqaba coelobite
communities was depth, which explained the differences best (66%).  
Table 5. A-C. BIO-ENV analyses of the relation between the coelobite distribution and combination of
environmental variables, k at a time, yielding the ‘best matches’ of biotic and abiotic similarity
matrices for each k, as measured by standard Spearman harmonic rank correlation ρH. SITE: site effect,
DEP: depth (m), VOLFLU: volume flux = water motion x slice cross-sectional area (l s-1), MIN/MAX:
minimum/maximum of the best fitting ellipse averaged over all slices, VOL: average slice volume of
the respective cave, AREA: inner surface area of the cave, FORM: average formfactor of all available
slices, ROUND: average roundness factor of all available slices. The variables SITE, DEP, MIN, MAX
were log-transformed. Bold type indicates the combination with maximum ρH
A) Each of the 24 cavities treated as one station.
k Environmental variable combinations (:harmonic rank correlation)
1 SITE DEP VOLFLU FLUSH MIN VOL AREA FORM MAX ROUND
0.40 0.22 0.18 0.15 0.00 -0.04 -0.05 -0.12 -0.12 -0.02
2 SITE,VOLFLU SITE, DEP SITE, FLU SITE, MIN SITE, VOL DEP,VOLFLU SITE, AREA . . .
0 . 4 2 0 . 4 2 0.38 0.26 0.25 0.22 0.22
3 SITE, DEP,VOLFLU SITE, DEP, FLU SITE, FLU,VOLFLU SITE, DEP, VOL . . .
0 . 4 2 0.41 0.40 0.36
4 SITE, DEP, FLU,VOLFLU SITE, DEP, FORM,VOLFLU SITE, DEP, FLU, VOL . . .
0.40 0.38 0.38
5 SITE, DEP, FLU, FORM,VOLFLU SITE, DEP, FLU, AREA,VOLFLU . . .
0.37 0.36
B) Same analysis as in A) for the 12 Aqaba cavites only
k Environmental variable combinations (:harmonic rank correlation)
1 DEP FLU VOLFLU FORM AREA MAX MIN VOL ROUND
0 . 6 6 0.47 0.45 0.06 -0.04 -0.06 -0.10 -0.10 -0.25
2 DEP,VOLFLU DEP, FLU DEP, FORM FORM,VOLFLU FLU,VOLFLU FLU, FORM DEP, VOL . . .
0.61 0.58 0.56 0.49 0.49 0.47 0.44
3 DEP, FORM,VOLFLU DEP, FLU, FORM DEP, FLU,VOLFLU DEP, FLU, VOL . . .
0.60 0.59 0.56 0.54
4 DEP, FLU, FORM,VOLFLU DEP, FLU, FORM, VOL DEP, FLU, FORM, MIN . . .
0.59 0.56 0.55
5 DEP, FLU, FORM,VOLFLU, VOL DEP, FLU, FORM, MIN,VOLFLU . . .
0.56 0.55
32
C) Same analysis as in A) for the 12 Ras Mohammed cavities only
k Environmental variable combinations (:harmonic rank correlation)
1 DEP FLU VOLFLU MIN VOL AREA MAX ROUND FORM
0.30 0.29 0.16 -0.03 -0.03 -0.52 -0.13 -0.20 -0.24
2 DEP, FLU FLU,VOLFLU DEP,VOLFLU FLU, MIN DEP, MIN FLU, AREA DEP, AREA . . .
0 . 3 3 0.27 0.26 0.25 0.22 0.20 0.20
3 DEP, FLU, MIN DEP, FLU, AREA DEP, FLU,VOLFLU DEP, MINVOLFLU . . .
0 . 3 3 0.29 0.29 0.27
4 DEP, FLU, MIN,VOLFLU DEP, FLU, AREA, MIN DEP, FLU, AREA,VOLFLU . . .
0.28 0.26 0.24
5 DEP, FLU, AREA, MINVOLFLU DEP, FLU, AREA, VOL,VOLFLU . . .
0.26 0.23
For Ras Mohammed the picture was different. Although depth was again the dominating factor, i t
accounted for only 30 % of the observed community differences. Flushing was nearly as important, and
the combination of the two (ρH=0.33) provided the best, albeit still comparatively weak, explanation
for the observed coelobite distribution patterns.
BIO-ENV for the zonation inside the cavities. The factors influencing the zonation within the cavities
were investigated analogously (Table 6). The combination of the four factors site, distance, light and
depth provided the best explanation for the observed horizontal differences in community composition,
but the low correlation of 0.31 is still quite unsatisfactory. Again, site seemed the single overriding
factor, so that separate analyses were run on subsets of data from Aqaba and Ras Mohammed (Table 6 B ,
C).
Table 6 A-C. Analyses of determinants for coelobite zonation along the 125 cm long cave axis. Factors are
analogue to Table 7
Part A: general comparison for all 24 cavities at Aqaba and Ras Mohammed
k Environmental variable combinations (:harmonic rank correlation)
1 SITE DIST LIG DEP FLU VOL PERI VOLFLU
0.22 0.21 0.14 0.08 0.04 -0.01 -0.02 -0.02
2 DIST, SITE DIST, DEP DIST, LIG DIST, FLU LIG, SITE DEP, SITE DEP,VOLFLU . . .
0.26 0.22 0.21 0.21 0.21 0.17 0.16
3 DIST, LIG, SITE DIST, DEP, SITE DIST, FLU, SITE DIST,VOLFLU, SITE . . .
0.29 0.29 0.27 0.24
4 DIST, LIG, DEP, SITE DIST, FLU, LIG, SITE DIST, LIG, VOL, SITE DIST, LIG,VOLFLU, SITE . . .
0 . 3 1 0.29 0.27 0.26
5 DIST, LIG, DEP, VOL, SITE DIST, LIG, DEP, PERI, SITE DIST, FLU, LIGH, DEP, SITE . . .
0.29 0.28 0.28
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Part B: comparison between Aqaba cavities
k Environmental variable combinations (:harmonic rank correlation)
1 DEP DIST FLU LIG VOLFLU VOL PERI
0.29 0.27 0.16 0.16 0.07 0.05 0.04
2 DIST, DEP DIST, FLU LIG, DEP DIST, LIG DIST, VOLFLU DEP, VOL DEP, PERI . . .
0.42 0.34 0.33 0.28 0.28 0.27 0.25
3 DIST, LIG, DEP DIST, DEP, VOL DIST, FLU, DEP DIST, DEP, PERI . . .
0 . 4 3 0.38 0.38 0.37
4 DIST, LIG, DEP, VOL DIST, FLU, LIG, DEP DIST, LIG, DEP, PERI DIST, LIG, DEP, VOLFLU . . .
0.40 0.40 0.39 0.39
5 DIST, FLU, LIG, DEP, VOL DIST, FLU, LIG, DEP, VOLFLU DIST, LIGH, DEP, VOLFLU, VOL . . .
0.39 0.38 0.37
Part C: comparison between Ras Mohammed cavities
k Environmental variable combinations (:harmonic rank correlation)
1 DIST LIG FLU VOL DEP VOL PERI
0.20 0.19 0.06 0.00 -0.01 -0.07 -0.08
2 DIST, FLU DIST, LIG FLU, LIG LIG, VOLFLU DIST, VOLFLU LIG, VOL DIST, VOL . . .
0.23 0.23 0.20 0.17 0.17 0.15 0.15
3 DIST, FLU, LIG DIST, LIG, VOLFLU DIST, LIG, VOL DIST, LIG, PERI . . .
0 . 2 8 0.23 0.22 0.21
4 DIST, FLU, LIG, VOL DIST, FLU, LIG, VOL DIST, FLU, LIG, VOLFLU DIST, LIG, VOLFLU, VOL . . .
0.26 0.24 0.23 0.22
5 DIST, FLU, LIG, VOLFLU, VOL DIST, FLU, LIG, PERI, VOL DIST, FLU, LIG, PERI, VOLFLU . . .
0.22 0.20 0.20
For the community zonation in Aqaba cavities depth remained the single most important determinant
but the factor distance from cavity entrance was almost as important. Combined with light these two
showed the highest correlation. For Ras Mohammed distance and light were the main single factors but
communities could be best explained when these were matched with flushing as a third determinant.
Distance from cavity entrance and orientation. ANOSIM between communities along horizontal cavity
transects showed a distinct zonation with large community differences in the anterior section of the
cavities between 0-50 cm distance from the entrance, whereas the posterior sections appeared to be more
homogenous in community composition (Table 7).
Interestingly, this pattern appeared to be modulated under different flushing regimes (Table 8). Strong
water exchange seemed to counteract zonation in the anterior section of the cavities and shifted the
composition gradient somewhat to the inner sections of the cavities. Moderately flushed cavities, by
contrast, featured strong community differences in the anterior, and less pronounced differences in the
posterior parts of the cavities.
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Table 7.   Pairwise analysis of similarities test on the distance from cavity entrance for significant
differences between treatments. Data were 4th -root- transformed
    Slices entrance = 0 cm 25 cm 50 cm 75 cm 100 cm
    25 cm •
    50 cm • •
    75 cm • • –
  100 cm • • • –
  125 cm • • • – –
Table 8. As previous table but based on caves with different grades of water motion
rapid/medium entrance = 0 cm 25 cm 50 cm 75 cm 100 cm
    25 cm – / •
    50 cm • / • – / •
    75 cm • / • • / • – / –
  100 cm • / • • / • • / – – / –
  125 cm • / • • / • • / – – / – – / –
Distribution of higher taxa. The spatial distribution of the higher coelobite taxa, illumination and
water exchange is displayed in Fig. 5. Data were summarized for the depth groupings identified from
the previous statistical analyses, separating between sites (Aqaba, Ras Mohammed) and depths
(shallow, medium and deep). Data from the cavity bottoms were excluded since the sediment-covered
bottoms were largely devoid of encrusting coelobites. The Moses Rock cavity is displayed for comparison
as it was very different in length and exposition.
A general pattern is very obvious. Algal cover decreased with decreasing light intensities continuously
from around 60-75 % at the entrance to 0-10 % 100 cm inside the cavities. Sponges on the other hand
increased from around 10 % to 25 % or even up to 50 % in Moses Rock. The mixotroph hermatypic corals
were responsible for the initial contribution of the scleractinians near the entrance whereas inside only
the solitary zooplanktivorous Caryophyllidae occured in considerable numbers. These grew
preferentially on the ceiling and reched high densities in local patches accounting for several percent
average cover, e.g. in Moses Rock. Soft corals occurred much more frequently throughout the Ras
Mohammed cavities than in Aqaba, but were very common in Moses Rock. Polychaetes occurred only in
the deeper caves and increased with distance from the cave entrance, where they could reach high
densities and formed dense crusts. The scale for the less important taxa is enlarged by one order of
magnitude to visualize their distribution patterns. Although their cover was rather insignificant, they
can be valuable potential ecological indicators. Sessile foraminifers, for example, were hardly
encountered in the deeper Aqaba cavities but prominent in the shallow caves. The small arborescent
Homotrema rubrum grew well within cavities exposed to rapid flushing. The thin encrusting Gypsina by
contrast was more common at the entrance. Ascidians, on the other hand, were far more important in
Aqaba where they reached highest cover in the shallow caves mainly due to the red Didemnum sp. 2.
Bryozoans occured well spread in small colonies but were generally rare. An exclusive feature of the
deeper caves at Ras Mohammed were the UFOs which covered extensive areas mainly on recesses of the
walls.
The almost symmetrical distribution of coelobites in Moses Rock was obvious and distinguished this
cavity from all others. This tunnel cavity is directed into to the prevailing alternating current.
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Which taxa are responsible for these observed differences? The results of the SIMPER analysis for
inter-cavity comparisons are shown in Table 9, those for inter-slice comparison in Table 10. The SIMPER
program ranks the taxa according to their contribution to the dissimilarities between the groups
investigated and the similarities between sites within a group.
A typical cave would harbour the foraminifer Homotrema rubrum, the encrusting red algae sp. 1 and the
sponge Dendroxea sp., the three most universal taxa. The UFOs, the foraminifer Gypsina sp. and the
overall abundant Caryophillid sp. 1 contributed most to the dissimilarities between both sites.
Tab. 9.  Inter-cavity comparison of communities at Aqaba and Ras Mohammed. Conducted with the
SIMPER program. Given are the seven taxa contributing most to the similarities within a slices or
dissimilarities between cavities (in %). "±" indicates, if taxa contribute by increasing (+) or decreasing
(-)abundance
D i s s i m i l a r i t i e s S i m i l a r i t i e s Similarities 
Aqaba/Ras Mohammed ± Aqaba Ras Mohammed
Taxon % % %
UFO 5.2 + ER algae white rim 12.0 ER algae white rim 9.3
Gypsina sp. 4.4 + Didemnum sp. 1 (white) 11.3 Gypsina sp. 8.0
Caryophyllidae sp. 4.0 - Dendroxea sp. 9.9 UFO 7.5
Didemnum sp.4 3.8 + Caryophyllidae sp. 1 7.6 Dendroxea sp. 7.1
ER algae grainy 3.8 + Homotrema rubrum 6.6 minute polychaete 6.7
Cliona sp. 2 (green) 3.7 - ER algae white speckled 6.4 Didemnum sp. 4 6.5
Clathrina sp.1 3.5 + Timea sp. 6.3 Homotrema rubrum 6.1
∑ 28.3 ∑ 60.1 ∑ 51.1
shallow/deeper Aqaba shallow (AQ 1-4) deeper (AQ 5-12)
Taxon % ± % %
Didemnum sp. 2 (red) 6.4 - Didemnum sp. 1 (white) 8.3 Didemnum sp. 1 (white) 9.1
ER algae knobbly 5.6 + Didemnum sp. 2 (red) 8.3 Dendroxea sp. 9.1
Batzella sp. 3 5.6 - ER algae white rim 8.3 ER algae white rim 9.1
Didemnum sp. 7 (orange) 5.5 + Peysonnelia sp. 8.3 Caryophyllidae sp. 1 8.8
Peysonnelia sp. 4.9 - Batzella sp. 3 8.3 minute polychaete 7.0
Dendrophyllidae 4.9 - Homotrema rubrum 8.3 ER algae knobbly 6.8
Clathria sp. 3 (yellow) 4.7 + Clathrina sp. 1 8.3 Timea sp. 6.7
∑ 37.7 ∑ 57.8 ∑ 56.5
shallow/deeper Ras Mohammed shallow (RM 1-4) deeper RM (5-12)
Taxon % ± % %
Chondrilla sacciformis 6.5 + Dendroxea sp. 8.0 UFO 8.9
Caryophyllidae sp. 1 5.2 - ER algae white rim 8.0 Homotrema rubrum 8.2
Acabaria delicata 4.8 + minute polychaete 8.0 Gypsina sp. 6.9
ER algae white speckled 4.8 - Gypsina sp. 8.0 ER algae white rim 6.6
Timea sp. 4.0 + Homotrema rubrum 8.0 Didemnum sp. 7 (orange) 6.4
Acabaria erythrea 3.9 + Didemnum sp. 4 7.7 Chondrilla sacciformis 6.3
Peysonnelia sp. 3.9 - ER algae white speckled 4.1 Didemnum sp. 9 6.3
∑ 33.0 ∑ 52.0 ∑ 49.6
ER algae grainy= encrusting red algae with grainy appearance
ER algae knobbly=encrusting red algae with knobbly appearance
ER algae white rim= encrusting red algae with white rim
ER algae white speckled= encrusting red algae which is speckled white
UFO= unidentified filamentous organism
(red), (green), (orange), (yellow), (white)= colouration of taxon
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The distribution patterns of Didemnid ascidians characterized the Aqaba cavities. Whereas the white
Didemnum sp. 1 occurred most regularly at both depths, the red Didemnum sp. 2 was exclusively found in
the shallow caves and the orange Didemnum sp. 7 mainly in the deeper caves. At Ras Mohammed the
same orange Didemnum sp. 7 was regularly found in the deeper cavities. However, at Ras Mohammed
other taxa were more typical for the deeper zones: Chondrilla sacciformis, the peculiar gorgonians
Acabaria delicata and A. erythraea.  Interestingly Dendroxea sp. was characteristic for the
shallow cavities in Ras Mohammed and for the deeper ones in Aqaba and thus seemed to have less
specific requirements.
The six original 25 cm-slices were condensed into four groups according to the results of the ANOSIM test
and investigated separately by site for the same reason: (1) entrance= 0 cm , (2) 25 cm, (3) 50-75 cm, (4)
100-125 cm. The characteristic taxa for the consecutive zones within the cavities are shown in Table 10.
With progression into the cave, the light dependent encrusting algae as well as the zooxanthellate
scleractinian coral Pavona sp. and the foraminifer Gypsina sp. decreased while other taxa, l ike
sponges, became more important. Two boring sponges were characteristic  for the zones 1 in Ras
Mohammed (Cliona sp. red) and zone 2 in Aqaba (Cliona sp. green).
Except for the shallow cavities, UFOs were distinct for all inner cavity zones at Ras Mohammed. They
did not occur in the entrances. At both sites Homotrema seemed to be a ‘true’ cavitity-dweller as i t
occurred inside the cavities but not at the entrance. The Caryophyllid sp. 1, a solitary coral, seemed to
prefer the middle part of the deeper Aqaba cavities where it was regularly found.
The deeper zones of the Ras Mohammed cavities were characterized by the occurrence of the calcareous
sponge Clathrina sp.,  as well as by polychaetes.
Vagile cavity-dwellers. In addition to the quantitative assessment of the sessile coelobite communities,
the CaveCam yielded valuable qualitative information on a number of vagile animals, which may
directly or indirectly affect the sessile community: several of these species are ‘permanent residents’
who also feed inside the cavities– others are using them for shelter. The former included shrimps l ike
the omnipresent  Stenopus hispidus, Saron marmoratus and groups of Leandrites sp. and Rhynchocinetes
sp. that graze or pick on the substrate. However it is not known to which extend they consume any of the
macrobenthic coelobites. The CaveCam close-up images also revealed a tiny Pygnogonid, a sea spider,
that feeds on benthic invertebrates like sponges and hydroids. Several fish species belong to this
category as well, as some unidentified 2-3 cm long Blennidae, Tripterygiidae and Gobiidae, and the
conspicuous red striped Multibar pipefish Doryrhamphus multiannulatus that vagabonds within the
labyrinth of cavities. Occasionally the secretive Comet (Calloplesiops altivelis) was glimpsed,
whereas the Giant moray (Gymnothorax javanicus) was encountered regularly in the Aqaba cavities,
curiously watching the CaveCam activities while being cleaned by Leandrites shrimps. Moray Eels in
general are typical inhabitants of cavities. The nudibranch Chromodoris quadricolor is known to feed on
certain sponges and was filmed in a shallow Aqaba cavity.
Animals that used the cavities mainly for shelter included: Asthenosoma varium , a toxic sea urchin,
encountered in a medium deep Ras Mohammed cavity and Apogonid fishes which hide in caves during
the day, including Apogon cyanosoma and A. aureus. The most peculiar crustacean was an unidentified
brachyuran crab, that decorated and camouflaged itself with sponges, ascidians and algae.
Estimates of cave cover and cave abundance. With 42 % of voids along the transects, a large portion of
the Ras Mohammed reef was eroded in contrast to only 28 % in Aqaba. Significant differences between
the two sites were also found in the size structure and abundance of cavities (Fig. 6 A, B). Aqaba reefs
were riddled with many small cavities (e. g. 30 cavities ≤ 0.1 m per 50 m) whereas cavities at Ras
Mohammed were larger on average. Fig. 6 B clearly revealed the higher contribution of these larger
cavities to the high overall porosity of Ras Mohammed reefs.
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Fig. 6. Cave cover and abundance in Aqaba and Ras Mohammed on the basis of 50 m line-transects per
site per depth. Width of cavities larger than 0.05 m were divided into size classes as indicated
DISCUSSION
New techniques. The present study provided the first extensive data set collected so far with the
CaveCam. The video probe, designed for exploration of the hitherto inaccessible but abundant smaller
coral reef cavities has proven an adequate and efficient tool for this purpose. It enabled quick and
extensive records of sharp video images at high spatial resolution, allowing for subsequent
identification of the taxa up to species level and quantification of the coelobite communities. This
approach opens a new perspective in our understanding of coral reefs by extending the biologist’s ability
to reach beyond the well studied reef surface. Because it is non-destructive, the method is widely
applicable, including National Park areas, which are closed to many other forms of research. Ground-
truthing of the video data required only very limited collection of selected specimens and should be
accompanied by in situ photography.
The new LightSheet method allowed the reconstruction of the caves on the computer and provided
conservative values for their volume and inner surface area.
Community composition and diversity. Sponges were by far the most diverse group, constituting more
than half of the 386 taxa encountered. They were also the most abundant cryptic animals, accounting for
45 % of its total fauna cover. The species list is extensive, yet still incomplete, largely due to the lack of
reference material. Identification was difficult on a purely morphological basis, because of similar
growth forms, colour, etc. between disparate groups, but also because a given species may display quite
different phenotypes. The former would tend to underestimate, the latter to overestimate sponge
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diversity. Both effects are likely to even out. If we assume that the above number of taxa was a realistic
approximation of sponge diversity, then Red Sea cavities appear to be more diverse than cavities and
caves in the Caribbean, on Bermuda (Logan 1981, Logan et al. 1984), in the Indian Ocean (Vasseur 1974,
Vasseur 1981) or Central Pacific (Vasseur 1985). However, it has to be borne in mind, that the latter
authors studied a much lower number of cavities of much larger dimensions (most of them tens of meters
long), providing a less complex habitat than the small network of framework cavities of this study.
In terms of cover, sponges were surpassed only by the flora which consisted mainly of a few but abundant
encrusting red algae. Under the favourable light conditions near the entrances the competitively
superior algae may have prevented other benthic organisms from settlement. Additional limitations
could be induced by relatively high UV-radiation (depending on depth) that has been shown to be
harmful to a range of coelobites (Jokiel, 1980). Organisms in the entrance were also more exposed to
predation. Algae gave way to sponges and other heterotrophic organisms in the deeper zones of the
cavities (Fig. 5). This distinct shift was observed in all caves within 50-75 cm from the cavity entrance.
With 141 taxa the diversity was lowest at the entrance and increased by 40 % towards a climax in the
middle. This zonation agreed quite well in terms of position relative to the length of the cavity with
Logan’s findings (1981) who investigated a 10 m long and 2-3 m wide cave in the Caribbean.
However, I found neither brachiopods, nor sclerosponges, which were typical for the more remote and
dark cave zones in the Caribbean and Madagascar (Hartman & Goreau 1970, Vasseur 1974, Logan 1981).
Both groups have been reported only anecdotally from Red Sea caves, e. g. Jackson et al. (1971) found
brachiopods in a single cavity at 10 m depth at Ras Mohammed. Even though brachiopods are small (2-
10 mm), they could not have escaped detection on the close-up images which display a frame width of
60 mm. Sclerosponges are present in the Red Sea but rarely encountered (Wörheide, pers. com.).
In addition to this general zonation, coelobite communities showed significant changes on a small scale
due to site, depth, flushing and light.
Determining factors for coelobite distribution. The factor site was the strongest determinant for the
differences between coelobite communities, confirming the initial hypothesis that communities at both
sites should be different. The reefs in Aqaba  and Ras Mohammed are very different in terms of their
structure as well as their exposition. The former is situated at the end of the Gulf and the latter is
facing the more turbulent water masses of the Red Sea proper. The huge reef wall at Ras Mohammed
provides an almost homogenous depth gradient. At Aqaba conditions are more heterogeneous as the
shallow and deeper caves are situated in different surroundings, although only 100 m apart. Therefore
another site effect was suspected to contribute to the strong influence of depth (ρH=0.66). This
phenomenon was also observed by Kobluk & van Soest (1989) who found strong differences in the cryptic
sponge assemblages between reefs of the neighbouring islands of Bonaire and Curaçao in the Caribbean.
However, depth and flushing largely explained the differences between cavities in Aqaba and Ras
Mohammed. Flushing has at least two properties. On one hand good water exchange provides a constant
food supply for suspension-feeders, on the other hand flushing, which is too strong can damage delicate
organisms like thin sponges.
The differences in the communities along the cave axis were best explained by a combination of the
distance from entrance (DIST), the light gradient and depth. The light gradient was strong, spanning up
to five orders of magnitude between the entrance and inner reaches of a given cavity (0.0005-16.5 %).
Light and DIST were highly correlated. However, DIST was a significantly stronger factor for the
Aqaba cavities, suggesting that DIST did not simply resemble the light gradient, but had its own
properties. One of these could be ‘predation’ as the deeper parts were better protected from larger fish
(Kobluk 1988).  
Interestingly the water motion rates inside the shallow cavities were twice as high as in the open
water which was due to wave action: a wave hits the reef front and the water is funneled through the
cavities and gets accelerated. This phenomenon was also reflected nicely in the fauna. The elastic
gorgonid Acanthomuricea dina can withstand the force of the water and occurred over the whole depth
range, whereas the brittle Acabaria delicata  was only found in the deep caves, where it grew close to
the more continuously flushed entrance. This selectivity has been shown for other gorgonians which fed
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best in moderate flow conditions (Dai & Lin 1993). However both species were found only at Ras
Mohammed. Disturbance of the communities has been regarded as one of the driving forces for their
diversity (Connell 1978). Interspecific interferences were observed to drive changes in species abundance
and diversity. In this context the observation of moving sponges is of interest as they can dislocate
themselves to avoid a competitor or to improve their feeding position (Wilkinson & Vacelet 1979,
Maldonado & Uriz 1999). Sponges that were monitored for several weeks, could shrink rapidly, vanish
or redirect their orientation of growth  (Wunsch, unpubl.). Furthermore it is suspected that these
communities adapt quickly to changing conditions which would favour them as indicators for
environmental changes (Choi 1982, Moran & Reaka-Kudla 1991). This would be a promising line for
applied future research.
The role of predation on the structure of coelobite communites cannot be addressed on a purely
observational basis and would require additional experiments–a challenge for future work. However
several encounters of potential predators indicated disturbance by foraging molluscs, fishes and
crustaceans. On the other hand competition between sessile coelobites was very high as was seen in
many CaveCam images, e. g. Colour Plate 1-E, 2-E. Chondrilla sacciformis is an example for a very
competitive sponge that covers large areas by a single specimen (Colour Plate 1-E, 2-A), but only in
deeper cavities. Interactions between competing coelobites toxic substances can play an important role
(Bakus et al. 1986). A well known example is Terpios cruciatus (Colour Plate 2-D) that was observed to
extensively overgrow Caryophyllid corals or to use their stem as an exposed substrate. In suitable places
another layer may be added by larger, arborescent animals like gorgonians (Colour Plate 1-F) or
Scleronephtya sp. Another example for this efficient use of space is the occupation of microcavities
under the crusts of red algae by some calcareus sponges as shown in Colour Plate 1-C.
The sampling of reference specimens yielded at least three potentially new sponge (van Soest, pers.
comm.), one scleractinian (Fenner, pers. comm.), two gorgonian (Grasshoff, pers. comm.) plus one
bryozoan species (Scholz pers. comm), which will be described elsewhere. Another example for
coelobite diversity was discovered on a specimen of Iodictyum sp., a philodoporid bryozoan, that was
found to be encrusted by 15 other bryozoan species (Scholz, pers. comm.). The findings from this study
indicate that in this habitat many more species are to be discovered.
Relevance of cavities in the reef environment. Cavities provide additional substrate for benthic
organisms. However, the extent of this area has only been subject to speculation (Ginsburg 1983), since i t
is extremely difficult to gain reliable figures for the surface of the hidden voids. Based on the data from
the systematic LightSheet surveys and cavity censuses I will try to provide a conservative estimate for
the investigated areas. They can be calculated according to the following formula:
The average cave surface measured 3.8 ±0.7 m2 and a conservative estimate of the entrance area would
be 0.8 x0.8 m. The resulting increase of the surface area would be almost 5-fold. The censuses of cavities
at both reef sites showed that cavities constituted 42 % of the reef along its surface at Ras Mohammed
and 28 % at Aqaba. Assuming that the investigated cavities are representative for the surface/entrance
ratio of a ‘universal’ cavity, cavities alone would increase the available benthos by 42 x 5 = 210 % and
28 x 5 =140 % respectively. Multiplied with the observed average coelobite cover of 65 %, coelobites
would inhabit an area 1.3-0.9 times as large as the even reef surface. These figures support the view
that coelobites represent a large share within the reef community (Hutchings 1983) and that the
abundant sponges are the cause for hitherto unexplained phytoplankton depletions as proposed by
Richter & Wunsch (1998)  and Richter, Wunsch & Badran (Chapter 5).
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Dense populations of cavity-dwelling sponges deplete phytoplankton
in Red Sea coral reefs
C. Richter1, M. Wunsch1, M. I. Badran2
1 Zentrum für Marine Tropenökologie, Fahrenheitstr. 1, D-28359 Bremen, Germany
2 The University of Jordan, Marine Science Station, P.O. Box 195, Aqaba, Jordan
ABSTRACT: Using an endoscopic camera, we discovered a rich assemblage of filter- feeders encrusting
the hitherto uncharted labyrinth of crevices interlacing Red Sea coral reefs. Water flow replacing
cavity waters every ~5 minutes supports dense populations of sponges which cover up to 56 % of cavity
walls and contribute >50 % of total estimated reef biomass. Biological filtration removes up to 74 % of
phytoplankton entering framework cavities, corresponding to an uptake of ~0.8 g C m-2 d-1, or an
estimated 20 % of the community metabolism of the entire reef. Ensuing remineralization is a key source
of new nutrients supporting coral and algal growth.
Main text
Efficient conservation and rapid turnover of limiting resources enable coral reefs to thrive in nutrient-
poor waters. However, material cycling does not proceed without losses so that reefs depend on a
compensatory inflow of extrinsic material (1), to a large part in the form of <5 µm phytoplankton and
bacteria (2, 3). How this ‘ultraplankton’ is taken up by the reef community remains enigmatic, because
ultraplankton feeders such as sponges or ascidians are rather scarce on the outer surface of the reef (3) or
may be entirely missing (4).
In dark places such as overhangs and caves, filter-feeders are quite common (5, 6, 7, 8) and field
experiments show their ability to capture small particles very efficiently (9). However, attempts to
quantify their abundance and filtering activity have been thwarted by the methodological difficulty
of accessing the narrow crevices and cracks which interlace coral reefs (10).
Here we provide evidence that coelobite suspension-feeders are a major sink for phytoplankton in coral
reefs. In a first quantitative assessment with the endoscopic CaveCam carried out as part of the Red Sea
Program (10, 11), we explored the cryptic biota in coral reef crevices from 3 fringing reef locations in the
northern Red Sea. A total of 17 cavities, 20-80 cm in diameter, were investigated at Ras Mohammed
(Egypt), Eilat (Israel) and Aqaba (Jordan) between 2 and 14 m water depth. We observed high densities
of coelobites up to the maximum 4 m range of the video probe (Fig. 1). Quantitative analysis of the
high-resolution images reveals a rich coelobite community harbouring a total 362 taxa, including 197
varieties of sponges (12).
Coralline algae and other photoautotrophs predominate near the cavity entrances, but algal cover
rapidly declines towards the inner reaches of the cavities, giving way to a heterotrophic community
dominated by filter-feeders (Fig. 2). Sponges alone cover  between 18±3 % and 56±8 % (mean±SE) of the
cavity walls, with an increasing share towards the inner reaches of the cavities. Ascidians occur
regularly but in lower numbers, covering <5 % of the substrate between 25-150 cm and <1 % beyond. The
ensemble of other filter feeders (bivalves, brachiopods, bryozoans and polychaetes) rarely exceeds 2 %
of the available space, with the exception of the soft coral Scleronephythya  sp. which may locally
attain up to 25±7 % of the total cover. Although nephtheid corals are reported to ingest phytoplankton
(13, 14), they are passive suspension feeders restricted to well-flushed areas and, hence, largely absent
in framework cavities.
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Fig. 1. Cryptic sponges abound in coral reef crevices in the Red Sea. Batzel la  sp. (dark grey),
Arenosclera sp. (white at right, featuring black exhalant opening) and other unidentified species f i l l
out the entire frame in this 50 × 37 mm close-up taken at 150 cm distance from the entrance in a cavity a t
Aqaba, Jordan. Colour video images were obtained with the CaveCam (10), a diver operated 25 mm
diameter endoscopic camera reaching up to 4 m into coral reef cavities. (Sponges were identified by R.
van Soest, Amsterdam)
Fig. 2. Encrusting red algae dominate the coelobite community near the entrances, while filter-feeding
sponges increase towards the dark inner sections of the cavities. Results are based on image analysis of a
random subset of 280 video frames (50 × 37 mm) from 17 cavities investigated with the CaveCam in Ras
Mohammed (Egypt), Eilat (Israel) and Aqaba (Jordan) (12). Error bars denote standard error of the mean
areal cover for each taxon
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Determination of coelobite biomass is a daunting task due to the cryptic nature of the organisms and the
complex 3-dimensional structure of the cavity system. Our observations, however, comply with the
general assumption that the surface area provided by anastomosing crevices and cracks exceeds by far
the projected reef area (5, 7, 15). Assuming a conservative ratio of 2:1 between the actual and projected
area (16), we estimate a coelobite biomass of ~45 g C m-2 for sponges alone (17). This is >50 % of total reef
biomass (18).
In order to assess the activity of the filter-feeding community, we measured the small-scale variations
in phytoplankton pigments, oxygen and water flow between randomly selected framework cavities and
freestream waters in the fringing reefs of Eilat (Israel), Ras Abu Galum and Ras Burka (Egypt).
Our results show strong depletions of chlorophyll a in the inner quarters of the cavities (64±8 %
median±MAD of the freestream waters) (Fig. 3A), alongside with marked decreases in the chlorophyll
a : phaeopigment ratio (Fig. 3B) indicating heavy grazing (19). The downstream openings of the
cavities feature reversals of the above patterns, due to mixing with freestream waters.
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Fig. 3.  Small-scale distribution
of  ( A) chlorophyll a, ( B) chlo-
rophyll a: phaeopigment-ratio,
(C) oxygen and ( D) water cur -
rents between the freestream
reference (FSR) ~2 m away
from the reef and reef frame -
work cavities. Distance from
the upstream entrance (up) is
given as fraction of total cavi -
ty len z th. Box plots are com -
posites of a total 15 small-scale
transects carried out between
0.6-4.0 m long, 0.1-1 m wide
cavities and FSR in Ras Burka,
Ras Abu Galum (Egypt) and
Eilat (Israel) between 2 and 16
m depth. Data for down -
stream exits of tunnel cavities
(down) are available for 5
transects. Boxes encompass
50%, whiskers 95% of the
data, center lines of boxes
denote the median. Water
samples were collected with
100 ml syringes. Oxygen was
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filtration through GF/F filters
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Oxygen depletions are small but significant (5±2 %, Fig. 3C; Kruskal-Wallis tied p<0.0001), reflecting
the overall heterotrophic nature of the coelobite community.
Water flow decreases with increasing distance from the cavity entrance (Fig. 3D), proceeding at a speed
of 0.9±0.1 cm s-1 or 21 % of freestream values through the framework (one sample sign test, p<0.0001).
Dye experiments confirm that water exchange is generally rapid. 95% of fluorescein dye injected into 48
randomly selected cavities is washed out in less than 5 minutes (simple regression of log-transformed
fluorescence Y [%] versus time t [s] yields
Y= 1.866 - 0.004 × t; n= 240; R2= 0.46).
Water flow decreases with increasing distance from the cavity entrance (Fig. 3D), proceeding at a speed
of 0.9±0.1 cm s-1 or 21 % of freestream values through the framework (one sample sign test, p<0.0001).
Variations in ambient flow affect the magnitude of chlorophyll a depletions, which may range between
40 % and >70  % for a given set of cavities (Fig. 4).
For the upper first meter of framework we calculate an uptake by the coelobite community of 0.80±0.05 g
phytoplankton C m-2 d-1, equivalent to 20 % of the gross reef production (1). Our figure is based on a mean
(±SE) concentration difference of 0.15±0.01 mg chlorophyll a m-3 between cavity and freestream waters
(this study), a water renewal rate of ~300 times d-1 (this study), a minimum volume fraction of cavities
of 30 % (16), and a carbon:chlorophyll a-ratio of 60 (21).
This flux of extrinsic material (22) along with other sources of organic matter is rapidly metabolized in
the cavities as evidenced in significant enrichments in phosphorous (∂P) and nitrogen (∂N) relative to
freestream waters, high levels of ammonia (42% of total inorganic N) and ∂N:∂P-ratios (15.5) near the
Redfield ratio (23) (Table 1). Remineralization of the filtered phytoplankton accounts for up to 16 %
and 17 % of the dissolved inorganic phosphorous (∂P) and nitrogen (∂N) regenerated in the cavities.
Although this is a moderate fraction of the total nutrient flux emanating from the cavities, these new
nutrients constitute an effective gain for the reef ecosystem, enhancing net growth of the overlying coral
and algal community.
Fig. 4. Diel variation of currents (line) and chlorophyll a depletions (symbols) in coral reef cavities.
Water samples for chlorophyll a were simultaneously taken every 3 hours from 8 haphazardly selected
0.5-0.8 m long, 0.1-0.3 m wide cavities in a fore-reef pinnacle in front of the Aqaba Marine Science
Station, Jordan, between 5 and 10 m water depth. Reference samples were taken from the surrounding
water 5 m away from the pinnacle. Error bars denote the standard errors of the mean. Currents were
recorded every 5 minutes with a Sensordata SD-6000 current meter moored 5 m away from the pinnacle
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The widespread occurrence of phytoplankton depletions over coral reefs (2, 3, 21, 24) indicates tha t
pelagic-benthic coupling through sponge-dominated coelobite communities may be a major pathway
through which essential elements are channeld into coral reefs.
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An illustrated checklist for coelobite (cavity-dwelling)
organisms from Red Sea coral reefs
Mark Wunsch
Zentrum für Marine Tropenökologie, Fahrenheitstr. 1, D-28359 Bremen, Germany
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
The first extensive investigation of Red Sea coral reef cavities has yielded an in depth insight into the
composition, abundance and distribution of coelobites in the ubiquitous cavities in Red Sea coral reefs.
An important part of this project was the collection and in situ photo-documentation of reference
specimens, that were identified by a number of very kind and enthusiastic taxonomists. Despite their
cryptic life style, coelobites come in a wide range of colours and shapes and can easily compete in beauty
with more popular reef creatures.  
This field guide is thought as the initial step towards a steadily growing documentation and reference
collection, giving quick reference for taxa hiding inside the reef and in sheltered places.  
Photo identification is the only practical way for non-taxonomists to address the organisms in the field
and to convey the laboriously acquired knowledge to a wider public– be it scientific or private. The
majority of the samples were sponges since they were also found to be the most diverse group, others
included foraminifers, bryozoans, ascidians, hydrozoans, hard and soft corals and were identified by
the following specialists at least to genus level:
Encrusting algae: Derek Keats, University of the Western Cape, South Africa; foraminifers: L.
Hottinger, Natural History Museum, Basel, Switzerland; sponges: R. van Soest, University of
Amsterdam, Netherlands; gorgonians: M. Grasshoff, Research Institute Senckenberg, Germany; soft
corals: K. Fabricius, Australian Institute of Marine Science, Australia; hermatypic corals: D. Fenner, J.
E. N. Veron, Australian Institute of Marine Science, Australia; ahermatypic corals: H. Zibrowius,
University of Marseille; bryozoans: J. Scholz, Senckenberg Research Institute, Germany; ascidians: P.
Kott, Queensland Museum Brisbane, Australia.
Species are grouped by their higher taxon and then alphabetically sorted. Collection sites are labelled
with AQ for Aqaba, Jordan and RM for Ras Mohammed, Egypt and for some samples depth of collection
is noted. Some species are displayed twice if they were encoutered as different morphotypes.
 Acervochalina aff. confusa
Sp
on
ge
18mRM  Aiolochroia praetensa
Sp
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ge
2mAQ
 Aiolochroia praetensa
Sp
on
ge
15mRM  Antho (Isopenectya) sp.
Sp
on
ge
15mRM
 Antho (Jia) n.sp.
Sp
on
ge
10mAQ  Aphroceras sp.
Sp
on
ge
12mAQ
 Aphroceras sp.
Sp
on
ge
9mAQ Arenosclera cf. arabica
Sp
on
ge
7mAQ
 Artemisina spec. 
Sp
on
ge
15mRM  Ascaltis darwini
Sp
on
ge
1.5mAQ
 Ascaltis sp.
Sp
on
ge
5mAQ Bajalus laxus
Sp
on
ge
14mAQ
Batzella sp. 1
Sp
on
ge
2mAQ Batzella sp. 2
Sp
on
ge
2mAQ
Batzella sp. 3
Sp
on
ge
12mAQ Batzella sp. 4
Sp
on
ge
5mAQ
Batzella sp. 5
Sp
on
ge
14mRM Batzella sp. 6
Sp
on
ge
17mRM
Callyspongia sp. 1
Sp
on
ge
2mAQ Callyspongia sp. 2
Sp
on
ge
12mAQ
Callyspongia sp. 3
Sp
on
ge
2mAQ Callyspongia sp. 4
Sp
on
ge
7mAQ
Callyspongia viridis
Sp
on
ge
6.8mAQ  Chelonaplysilla aff. betinensis
Sp
on
ge
15mRM
 Chondrilla sacciformis
Sp
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ge
6mAQ  Chondrilla sacciformis
Sp
on
ge
12mAQ
 Chondrosia aff. reniformis
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ge
12mAQ  Clathria aff. lambda
Sp
on
ge
15mRM
 Clathrina sp.1
Sp
on
ge
5mAQ  Clathrina sp. 2
Sp
on
ge
9mAQ
 Cliona aff. mussae
Sp
on
ge
6mAQ  Cliona sp. (red)
Sp
on
ge
2mAQ
 Dendroxea sp.
Sp
on
ge
15mRM  Diplastrella gardineri
Sp
on
ge
15mRM
 Dysidea cinerea
Sp
on
ge
5mAQ  Echinoclathria sp.
Sp
on
ge
7mRM
 Erylus lendenfeldi
Sp
on
ge
15mRM  Erylus lendenfeldi
Sp
on
ge
15mRM
 Geodia micropunctata
Sp
on
ge
6mAQ  Grantilla hastifera
Sp
on
ge
8mAQ
Grantilla hastifera
Sp
on
ge
14mRM Grantilla sycilloides
Sp
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ge
5mAQ
Haliclona fascigera
Sp
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ge
m Haliclona sp.
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ge
11mRM
Haliclona sp. 1
Sp
on
ge
15mRM Haliclona sp. (strongyles)
Sp
on
ge
12.mAQ
Halisarca cruenta
Sp
on
ge
2mAQ Hymedesmia sp. 1
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ge
14mAQ
Hymedesmia sp. 2                 (no
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m  Hyrtios erectus
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20mRM
 Hyrtios sp.
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5mRM  Iotrochota sp.
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8mAQ
 Leucetta chagosensis
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1.5mAQ  Leuconia aff. armata
Sp
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2mAQ
 Megaciella spec.
Sp
on
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14mRM  Merlia tenuis
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14mRM
 Monanchora sp.
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14mRM Monanchora/Hemimycale sp.
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6mAQ
 Negombata magnifica
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12mAQ  Petrosia aff. pellasarca
Sp
on
ge
15mRM
 Placospongia melobesioides
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12mRM  Plakortis new. sp.
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5mAQ
 Plakortis new. sp.
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13mRM  Pleraplysilla sp.
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2mAQ
 Pseudaxinella coccinea
Sp
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15mRM  Pseudoceratina arabica
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13mRM
 Stelletta siemensi
Sp
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2mAQ  Stylissa massa
Sp
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13mRM
 Stylissa sp.
Sp
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12mAQ  Tedania sp.
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8mAQ
 Terpios cruciatus
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12.mAQ  Tethya robusta
Sp
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16mAQ
 Tethya seychellensis
Sp
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9mAQ  Tethya seychellensis
Sp
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8mAQ
 Theonella aff. swinhoei
Sp
on
ge
12mAQ  Timea sp. 1
Sp
on
ge
15mRM
 Timea sp. 2
Sp
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21mRM Caryophyllia sp.
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6mAQ
Dendrophyllia sp.
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al
2mAQ Madracis kirbyi
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l
11mAQ
Psammocora sp.
H
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d 
co
ra
l
14mRM Acabaria delicata 
G
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small caves
mRM
Acabaria erythraea, red phenotype
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mAQ  Acabaria erythraea
G
or
go
ni
an
2mAQ
 Acabaria sinaica
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8mAQ Acanthomuricea dina
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15
caves
mRM
 Scleronephtya sp.
So
ftc
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al
15mRM Siphonogorgia mirabilis
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m
Celleporaria columnaris
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an
2mAQ Celleporaria fusca
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an
mAQ
Iodictyum sp.
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zo
an
6mAQ Rhynchozoon compactum
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7mAQ
Aplidium sp.1
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sc
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n
mAQ Aplidium sp.2
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mAQ
Ascidia sp.
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m Didemnum molle
A
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7mAQ
 Didemnum sp.1
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sc
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14mAQ  Didemnum sp. 2
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1.5mAQ
 Didemnum sp.7
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14mAQ  Eusynstyela latericius
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